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Abstract 
The northern quoll (Dasyurus hallucatus) is an endangered carnivorous marsupial 
in the family Dasyuridae that occurs in the northern third of Australia. It has declined 
throughout its range, especially in open, lowland habitats. This led to the hypothesis that 
rocky outcrops where it persists provide a safe haven from introduced predators and 
provide greater microhabitat heterogeneity associated with higher prey availability. 
Proposed causes of decline include introduced cane toads (Rhinella marina, which are 
toxic), predation by feral cats (Felis catus), foxes (Vulpes vulpes), and the dingo (Canis 
lupus), and habitat alteration by changes in fire regimes. The National Recovery Plan 
highlighted knowledge gaps relevant to the conservation of the northern quoll. These 
include assembling data on ecology and population status, determining factors in survival, 
especially introduced predators, selecting areas that can be used as refuges, and 
identifying and securing key populations. The Pilbara region in Western Australia is a key 
population currently free of invasive cane toads (a major threat).  
The Pilbara is a semi-arid to arid area subject to cyclones between December and 
March. I selected two sites: Millstream Chichester National Park (2 381 km2) and Indee 
Station (1 623 km2). These are dominated by spinifex (hummock) grasslands, with rugged 
rock outcrops, shrublands, riparian areas, and some soft (tussock) grasslands. They are 
subject to frequent seasonal fires, creating a mosaic of recently burnt and longer unburnt 
areas. The overall aim of this study was to assess the ecology of the northern quoll in the 
Pilbara to understand drivers of density and distribution of this endangered species, to 
enhance species-specific conservation efforts. I collected field data on six one-month trips 
over three years, predominantly using live-trapping, camera-trapping, sampling 
invertebrates, vegetation surveys, habitat structure, and den availability surveys.  
In the Pilbara, the largest mammalian predators are the introduced dingo and feral 
cat. The largest native mammalian carnivore is the northern quoll, which is smaller than 
the introduced predators but larger than the other dasyurids in the guild. In Chapter 2, I 
explored spatial and temporal associations among introduced predators and quolls and 
their associations with habitat to assess the impact of introduced predators on quolls. I 
found evidence that dingo control programs prevent dingoes from fulfilling their role as top 
predators, leading to mesopredator release of feral cats. Feral cats were associated with 
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open habitats (spinifex grasslands and recently burnt areas), and showed inverse 
associations to those of quolls, suggesting that quolls avoid cats in space. Quolls were 
positively associated with rocky habitats. In Chapter 3, I assessed spatial and temporal 
associations among dasyurids to understand the current role of northern quolls within their 
guild. I found that range contraction of northern quolls into rocky habitats prevent them 
from fulfilling their role as top predators across the landscape, potentially leading to 
mesopredator release of kalutas (Dasykaluta rosamondae). Kalutas were associated with 
spinifex grasslands and may be controlling densities of smaller dasyurids such as stripe-
faced dunnarts (Sminthopsis macroura), which more often inhabit recently burnt areas.  
Northern quolls have a synchronized annual reproductive cycle in which births are 
timed to enhance offspring survival by coinciding with seasonal resources. The northern 
quoll now occurs in patchy populations. The Pilbara is the most arid and southern portion 
of its range In Chapter 4, I analysed demography and population dynamics to determine 
differences and similarities of this range extreme with other populations across their 
range.. I found that the reproductive timing of northern quolls in the Pilbara differs from that 
of populations in more mesic and lower latitude regions where they have been studied 
previously. This is consistent with the hypothesis that dasyurids respond to differences in 
food availability, so they time reproduction to coincide with peak resources.  
I assessed different aspects that contribute to defining habitat quality for northern 
quolls to understand if and how bottom-up processes regulate their apparent preference 
for rocky habitats (Chapter 5). For this I looked at den availability, vegetation cover and 
diversity, and availability and diversity of potential vertebrate and invertebrate prey.  
Except for a few dens in riparian areas, rocky habitats were the only areas with dens 
available at my sites. Rocky habitats had consistently more shelter, despite better 
vegetation cover at the ground level provided by spinifex grasslands and shrublands. Prey 
availability was strongly seasonal. Spinifex grasslands had the highest records and 
diversity of both vertebrates and invertebrates, and rocky habitats also contained high 
abundance of vertebrates when corrected for sampling effort. Soft grasslands contained 
few potential prey. I found that quolls ate more vegetation during the pre-mating season 
(June), ate more animal prey when females carry pouch young and had high energy 
demands (September), and a higher percentage of invertebrates during the recruitment 
season (April).  
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Preface 
By Neil Brougham, Senior Ranger Millstream Chichester National Park, Department of 
Parks and Wildlife (DPaW), March 2013-October 2015 
I met Quoll at the same time that I met Lorna – in mid-2013. Shortly after I moved to 
the Pilbara region of Western Australia to take up the role of Senior Ranger at Millstream 
Chichester National Park, Lorna commenced her research on Australia’s diminutive ‘native 
cat’. Diminutive, that is, in relation to the native cats of Lorna’s homeland, Mexico. It 
seemed initially incongruous that a Mexican researcher with a speciality in predators would 
come to Australia to research the quoll, when so many remarkable animals were at her 
disposal in her home country. But it soon made sense: the relationships between 
predators in all environments are functionally the same (and size does matter), and there 
was a lot yet to learn about Quoll, itself a rather remarkable fellow, and under stress in the 
Australian landscape. 
In contrast to its spectacular beauty, the Pilbara is hot, remote, and often difficult: 
spending weeks at a time away from home, setting traps and remote cameras on shade-
less steep rocky slopes, scarred by wildfire, assaulted by flies in the early cyclone season, 
is physically unpleasant; very early morning awakenings to drive for over an hour along 
corrugated and dusty outback roads to remove animals from traps before the sun is up, is 
not a rejuvenating wilderness experience: it is only achieved with tenderness and care.  
My first impression of Lorna was to note the dedication required toward Quoll to 
even consider undertaking such research – and it would be a persistent and recurring 
theme! And when I sat down to write this preface it was no surprise to learn, then, that this 
tenderness toward Quoll was extensive and multifaceted in the thought and action of the 
first Australians, and as far reaching as the distribution of Dasyurus across the continent 
once had been. 
In Aboriginal thought Quoll is invariably an ancestor figure, one who participated 
significantly in the (Dream)time of creation of the world, during a period in which many of 
the native animals now known in Australia were men (or women), or had human attributes. 
As we proceed with our conservation of quolls in the modern era we should have in mind 
the full spectrum of relationships we are attempting to manage: those that hold between 
larger and smaller, native and introduced, predators; but also the fundamental relationship 
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between man and nature, and man and man, our kinship, that is expressed in all 
conservation initiatives. 
 
Figure 1: Python Pool, where parts of Lorna’s study was conducted, is beautiful after rain, but in 
dry spells with temperatures well above 40C, it is challenging place to conduct research. 
Quoll’s actions and creative endeavours in the Dreamtime are diverse. For example 
in the west Kimberley region (D. hallucatus), the southwest of Western Australia (D. 
geoffroii), and in Arnhem Land (D. hallucatus), Quoll is implicated in bringing death into the 
world, and in the case of the latter two regions, as a result of his altercation with Moon 
Man1. 
In the mid-north of South Australia, by contrast, Quoll (D. geoffroii) is Kinie Ger, 
“one who did ruthless and murderous deeds”. When Kinie Ger is finally vanquished, from 
the spot where he was slain the animals who he had so terrorized “could trace the 
footprints of some strange and tiny being that seemed to have arisen out of the life-blood 
of Kinie-Ger”. Following these “they came upon a harmless creature that was as shy as is 
the native cat to-day”2. 
14 
 
 
Figure 2: a rather ‘Eurocentric’ depiction of the quoll ancestor Kinie Ger3 
In the Port Lincoln region Quoll (D. geoffroii) joins with Opossum (brush-tailed 
possum) to slay a giant kangaroo who had so far “devoured all those who attempted to 
spear it”. Prior to slaying the giant kangaroo and reviving their devoured comrades Quoll 
and Opossum have a fight and inflict wounds upon one another that are characteristic of 
these animals today: spots and a flat nose, respectively 4. On the Nullarbor Plain, Quoll 
receives his spots in a similar manner, during an altercation with Wombat, following a 
quarrel over a woman5. 
In country south-west of Sydney Quoll (D. maculatus), in his attempts to catch a 
part-fish-part-reptile creator-being, initiates a tremendous, 170km chase through a series 
of valleys, creating a number of conspicuous landscape features: the Wollondilly, Cox and 
Guineacor Rivers, the Whambeyan and Jenolan Caves6. 
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However, it is in central Australia that Quoll (D. geoffroii) reaches perhaps his fullest 
creative potential. Here “the Aranda [Arrernte] sometimes state that all life and creation 
stemmed from the native cats”. In this region the ceremonial knowledge and ritual 
procedures were given directly to Quoll in the Dreamtime, making Quoll the repository of 
this life-sustaining knowledge7. 
Returning to the Pilbara a Quoll narrative (D. hallucatus) is recorded from 
Nyangumarda country (the study areas in this paper, Indee Station and Millstream 
Chichester National Park, are in Kariyarra and Yindjibarndi country respectively, but it is 
likely this narrative was widely known in the region). Two “Native Cat boys” live in a salt 
lake in the Great Sandy Desert, east of Marble Bar, where they are cared for by their two 
grandmothers. The boys are magic men, and make hair belts for rainmaking from their 
long hair, which grows continuously. One day Pigeon warned the boys that a “mob” was 
coming to kill them, but the boys defended themselves successfully without being harmed. 
But they became (unexplainably) angry with their grandmothers as a result, and killed 
them with their shields. 
The Native Cat boys decided to cook and eat their grandmothers but when they 
went to get wood to make a fire, all the trees ran away, and the spinifex ran away too, 
knocking them both over. Eventually they had to smash up their spears to use as firewood. 
The boys gathered a “company” together to have a feast, “but the grandmothers burst 
open and destroyed everyone with the resultant fire and explosion”. The milk from the 
grandmothers’ breasts became a salt lake, and the Native Cat boys two rocks in that lake. 
And because all the trees had run away, trees can only be found west of the lake today8. 
Kingsley Palmer, who recorded the narrative in the 1970s, describes the “turning 
point” to be the “murder of the grandmothers”. Prior to this point the Native Cat boys have 
the full support of natural forces: they are capable of commanding rain, are warned of 
attack, and “defeat attackers without sustaining injury”. But after the murder “there is a 
revolt of the natural world over which the boys previously have power”: trees and spinifex 
run away, they lose access to cultural artefacts (spears, control of fire) and they receive no 
warning of their impending destruction. Thus “By the act of murder the boys were both 
killing themselves, and destroying their own resources”. It is a situation where “individual 
action destroys kin-based solidarity, with disastrous consequences”9. 
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Figure 3: a northern quoll investigates a bait station during a DPaW remote-camera monitoring 
program in Millstream, in the Chichester Range, in 2014. 
One could analyse quoll narratives, make correlations between the animal’s natural 
attributes and appearance, its physiology, its ecological function and impact, and its 
structural position within myth: even so, it is unlikely the substance of the totemic 
relationship of Aboriginal Australians can ever be uncovered from an etic perspective; it is 
almost certain the full meaning of the Aboriginal quoll narratives elude non-indigenous 
Australians. 
But part of what I learned through my involvement with Lorna’s research at 
Millstream – beside a great deal about the behaviour, habitat use and unusual 
reproductive strategies of Dasyurus – is that conservation itself is a narrative which relies, 
fundamentally, on what Deborah Bird Rose has called “a relational ethic of care”. She 
notes that “Indigenous people’s understandings of relational sustainability” can “bring love 
to the fore and at the same time include non-human species”10, and in this sense – while 
not at an ontological level – there is a certain overlap in the type of relationship which 
underpins both mythology and conservation: a ‘kin-based solidarity’ that extends beyond 
the human sphere while simultaneously illuminating our collective responsibility of care. 
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Our environment suffers – goes into revolt against us – because of a lack of 
tenderness within the relationship that holds between man and animal (and man and 
plant), and the proper orientation toward our environment. Alternatively, in ‘doing 
conservation’ with quolls we are attempting to (re)build right relationships, one that 
develops from the axiom that without our (human) involvement, quolls may not survive. 
This is, paradoxically, the inverse of Aboriginal thought, which affirms the validity of 
ongoing human existence and cultural forms by the overt presence of Quoll, a signifier of 
the total creation, its inviolable law, and sustainability of the future of the world. But 
importantly in both cases, if quolls do not survive, it is implied that something very 
fundamental disappears and critical obligations have not been met. 
In this way, conservation mythologises the quoll, removing it from pure wilderness 
and inserting it into a formalised relationship with humanity: one which is funded, 
politicised, scrutinized; one in which the details of Quoll are studied and expressed. This is 
happening all over Australia with respect to Quoll: scientific research proceeds, papers are 
produced, government agencies mobilised in their defence of Quoll, and media attention 
proliferates: Quoll has become part of the continental narrative of modern Australia. It is in 
this context, one of a double-narrative across the continent, in which Lorna’s thesis exists; 
it is my sincerest hope it assists in the conservation of Quoll in the Pilbara and Australia. 
Beyond this, Lorna’s approach to her time in Millstream incorporated not only a proficiency 
in ecological science and research – the results of which are needed to make effective 
management decisions – but also her tenderness toward Quoll, her ‘relational ethic of 
care’. 
You don’t scramble up baking hot scree slopes, swatting away march flies in the 
remote west Pilbara, to do pure science! What Lorna has demonstrated through her 
research at Millstream, beside the ‘results of scientific enquiry’, is a tenderness and 
dedication within the ambit of her personal and our (potential) collective relationships with 
Quoll and with nature; a dedication which motivates and humanises environmental 
management as a narrative without removing the fundamental otherness of Quoll.  
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1 General introduction 
1.1 MAMMAL DECLINES IN AUSTRALIA 
Australia has a high and increasing number of threatened mammals (Cardillo and 
Bromham 2001; Claridge et al. 2010; Woinarski et al. 2010). One third of the mammal 
extinctions reported globally in the last 500 years have occurred in Australia, concentrated 
during the second half of the 19th century (Fisher et al. 2014). Many more species have 
reduced their distributions (Baynes and McDowell 2010; Braithwaite and Muller 1997; 
Fisher et al. 2014; Hanna and Cardillo 2013) or become locally extinct on mainland 
Australia, but persist on nearby islands (Rankmore et al. 2008; Woinarski et al. 2015). 
Mammalian extinction risk in Australia has been reported to be higher in arid areas 
(Braithwaite and Griffiths 1994; Burbidge and McKenzie 1989; McDonald et al. 2015; 
Woinarski et al. 2010), and in open habitats (Bilney et al. 2010; Hanna and Cardillo 2013). 
Although the mechanisms of extinction and decline of Australian mammals are not fully 
understood, the main causes are likely to include extrinsic factors such as changes in fire 
regimes after European settlement, shifts in land use such as stock grazing and clearing 
that changed vegetation structure, and invasive predators, especially foxes (Vulpes 
vulpes) and feral cats (Felis catus) (Burbidge and McKenzie 1989; Claridge et al. 2010; 
Fisher et al. 2003; Short and Smith 1994; Wallach et al. 2010; Woinarski et al. 2015), but 
climate change and changes in weather patterns may also play a role (McDonald et al. 
2015). 
Some studies have also looked at the intrinsic factors (i.e. biological and ecological 
characteristics) that might affect extinction risk. Burbidge and McKenzie (1989) looked at 
extinct and extant mammals in Western Australia aiming to understand patterns of species 
declines. They found that non-flying and non-arboreal terrestrial mammals are at higher 
risk of extinction. They also noted that terrestrial mammals at highest risk were those with 
body mass between 45 g and 3.5 kg when considering Western Australia, or 35 g to 5.5 kg 
when considering the whole country, and defined this group as “critical weight range” 
(CWR) species (Burbidge and McKenzie 1989). Cardillo and Bromham (2001) tested the 
correlation between body size and extinction risk, and argued that rather than medium-
sized mammals being at higher risk, smaller mammals have ecological traits (e.g. higher 
population densities) that make them more resistant to extinction. This is supported by 
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findings that other intrinsic characteristics are more important than size, such as habitat 
specialization and the extent of distributions, with more specialized species being less 
resistant to disturbance (Fisher et al. 2003; Fisher et al. 2014; Hanna and Cardillo 2013), 
or physiological characteristics, such as the ability to undergo torpor, which seems to 
decrease exposure to introduced predators (Hanna and Cardillo 2014; McDonald et al. 
2015). They also reported that relationships with other intrinsic traits might also place 
species at higher risk; for example, occurring at low population densities and having low 
reproductive rates might cause species to have a smaller population buffer and thus be 
less likely to recover from stochastic events or from different extrinsic pressures (e.g. 
habitat loss and introduced predators) (Fisher et al. 2003; Hanna and Cardillo 2013).  
Patterns of decline across Australia in recent times have not been even, but have 
rather occurred in waves, and the factors behind the declines have varied (Fisher et al. 
2014). The first wave occurred in the late 19th and early 20th centuries, when CWR range 
species in more arid climates in southern (non-tropical) Australia were at higher risk of 
extinction (Fisher et al. 2014). Studies analysing patterns of extinction risk during the first 
wave found a relationship between climatic variables and risk of extinction, concluding that 
that rainfall and water availability safeguarded species in tropical (northern) Australia 
(Braithwaite and Muller 1997; Burbidge and McKenzie 1989; Fisher et al. 2014). We are 
witnessing the second wave of declines and local extinctions, where small to medium-
sized species in northern Australia are now declining (Fisher et al. 2014). Fisher et al. 
(2014) noted that the difference in extinction risk by body size, with species that declined 
in the south having larger body mass than the mean body size of at risk the north at risk, 
points to introduced predators as culprits (foxes in the south during the first wave, and cats 
in the north during the second). Species within the CWR category are within the preferred 
prey size of introduced predators such as red foxes and feral cats, and the fact that 
smaller species are prey favoured by both introduced predators puts them at higher risk 
(Burbidge and Manly 2002; Cardillo and Bromham 2001; Chisholm and Taylor 2010; 
Johnson and Isaac 2009; Woinarski et al. 2015). Changes in fire regime have been 
suggested as a cause of decline in northern Australia, and this facilitates invasive 
predators. For example, increased intensity of late-dry season fires has been related to 
higher declines in small mammals in Kakadu National Park, Northern Territory (Lawes et 
al. 2015b) and in the Kimberley (Leahy et al. 2016). Species in recently burnt areas are 
exposed to an increased risk of predation, as associated to the lack of cover for prey and 
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lack of natural barriers, such as a big clump of spinifex (Triodia), which may impede high 
mobility of predators when available (Leahy et al. 2016; McGregor et al. 2014). Therefore, 
fire and introduced predators interact and result in an additive effect that is particularly 
detrimental for small mammals (Doherty et al. 2015b; Lawes et al. 2015b). Many of these 
observations have been extrapolated from different areas in Australia, and evidence from 
under-represented areas is needed to disentangle the relative contributions of different 
factors to current declines. 
A common factor affecting extinction risk in the southern and northern waves seems 
to be topography, where rocky habitats may provide a refuge for many species (Burbidge 
and McKenzie 1989; Fisher et al. 2014; McDonald et al. 2015). High ruggedness could 
help CWR species in three ways: 1) it could generate a higher number of microhabitats 
that increase resource availability, 2) it could protect against weather extremes and fire, or 
3) it could protect against introduced predators (Burbidge and McKenzie 1989). These 
possibilities are not mutually exclusive and there is evidence for all of them, but their 
relative importance might vary for different species and biomes. Water runoff in rocky 
areas might enhance water availability during dry periods (Braithwaite and Muller 1997), 
generating a resource-based refuge. Water availability in rocky areas also seems to also 
be related to climatic conditions, where water runoff in areas exposed to more rainfall 
allows greater establishment of floristic diversity and abundance (Freeland et al. 1988). 
Fires are patchier in rocky habitats, allowing direct refuge from exposure to fires. This 
effect has been noted for the northern quoll (Dasyurus hallucatus) in the Kimberley region 
of Western Australia (Cook 2010). Patchy fires in rocky areas may also result in refuges 
indirectly, by increasing habitat heterogeneity due the different successional stages of 
recovery after a fire (Burbidge and McKenzie 1989).  
Several conservation research groups are now prioritizing studies of habitat use by 
introduced predators, and the role of rocky habitats as refuges from predation. Recent 
studies in the Kimberley have found that feral cats prefer open habitats (McGregor et al. 
2015; McGregor et al. 2014) and that habitat complexity affects the distribution of cats, 
which avoid rocky habitats despite high abundance of small mammals (Hohnen et al. 
2016b). However, more evidence is needed to inform conservation efforts to protect as 
many CWR species as possible across Australia.  
It is still unclear which other factors threaten northern quolls’ local survival (Hill and 
Ward 2010), or to what extent each is important, but it is likely that a combination of 
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threats pushes quolls beyond the threshold of local population resilience. That is, quoll 
populations may be unable to recover when hit by several threats, which lead to a 
cumulative effect. For example, feral cats have greater hunting success in open habitats, 
especially in recently burnt areas (McGregor et al. 2014), so there is an interaction 
between fire and introduced predators (Doherty et al. 2015b). Factors contributing to the 
northern quolls’ decline are likely to include changes in fire regimes, land use changes due 
to cattle grazing and anthropogenic activities such as mining, and competition with and 
direct predation by feral predators (Hill and Ward 2010; Woinarski et al. 2007). However, 
the most immediate, and therefore important threat is related to the high mortality that 
follows attempts to consume cane toads (Rhinella marina), due to the high toxicity of the 
secretions of this introduced ‘prey’ species (Catling et al. 1999; Hill and Ward 2010). Cane 
toads have decimated northern quoll populations in areas where they co-occur with cane 
toads, in ~80% of their former range. Although northern quolls seem to be habitat 
generalists (Pollock 1999), their decline has been more severe in lowland savanna (Hill 
and Ward 2010; Oakwood 2002; Oakwood and Pritchard 1999), where local extinctions 
have been reported (Oakwood and Spratt 2000). Conversely, populations are reported at 
higher densities in rocky habitats, compared to savanna, forest, and vine thickets (Begg 
1981b; Bradley et al. 1987; Hill and Ward 2010; Schmitt et al. 1989). This suggests that 
rocky habitats may serve as refuges against fire or introduced predators, or that their 
higher habitat complexity may allow higher prey availability (Hill and Ward 2010). 
Cane toad-free areas are of great importance for understanding the factors 
threatening northern quolls (Hill and Ward 2010). The Kimberly and Pilbara regions of 
Western Australia were considered the last remaining strongholds for northern quolls (How 
et al. 2009). However, cane toads have now invaded the Kimberly where they are 
expected to cause a collapse of quoll populations in the region (Hohnen et al. 2016a). In 
2016, cane toads reached Australian Wildlife Conservancy’s Mornington Sanctuary 
located at the centre of the Kimberly (Jonathan Webb, personal communication). Contrary 
to previous predictions, the cane toad invasion front is now expected to reach the Pilbara 
as well (Cramer et al. 2016). Thus, within a relatively short time frame, the Pilbara offers 
one of the last chances to study the northern quoll and its relationships with other species 
and its habitat without cane toads. Regardless, the Pilbara and its quolls had received little 
attention until recent work through offsets money from the mining industry, and projects 
such as the new 10-year northern quoll monitoring program led by the Department of 
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Parks and Wildlife of Western Australia (Cramer et al. 2016). Offsets money is meant to 
counterbalance the negative impacts of the mining industry, for example, by funding 
research within the environment impacted or the species that inhabit it (Cramer et al. 
2016). Therefore, offsets money makes for an important contribution to the advancement 
of scientific understanding, such as our knowledge about northern quolls in the Pilbara. 
One of the major questions surrounding northern quoll density and distribution relates to 
rocky habitats, which seem to currently provide them with the highest habitat quality. The 
hypothesis of top-down regulation proposes that there is less predation risk in rocky areas, 
and an alternative hypothesis of bottom-up regulation proposes that habitat quality of rocky 
areas is higher, for example there is higher prey availability (Hill and Ward 2010). In this 
thesis, I try to address different aspects of these hypotheses to understand the role of 
rocky habitats and whether they serve as a refuge from introduced predators or provide 
higher quality habitats than surrounding areas due to resource availability.  
1.2 TOP-DOWN VS. BOTTOM-UP REGULATION 
In order to protect species, we need to understand drivers of their decline, therefore 
what affects their density and distribution across the landscape. There are two models 
commonly used to explain the regulation of species diversity and distributions, which deal 
with trophic interactions. These are bottom-up and top-down regulation (Terborgh 2015). 
The bottom-up model suggests that the availability of energy controls the trophic food 
chain from primary producers upwards (Faeth et al. 2005; Terborgh 2015). Thus, bottom-
up regulation is strongly linked to the availability of resources such as water and nutrients 
that primary producers can convert into biomass (Davis et al. 2015), which is in turn 
available for increasingly higher trophic levels. By controlling resource availability, bottom-
up regulation can limit the number of individuals an area can sustain which may lead to 
interspecies competition (Terborgh 2015). 
The availability of resources can be spatially or temporally limited by environmental 
conditions and habitat productivity, which are linked to the availability of raw material. The 
spatial distribution of resources can be related at a broader scale to latitude and longitude 
(e.g. biomes) and at finer scales to the productivity of habitat types. The temporal 
distribution of resources can be related to weather and climatic events that can be 
stochastic (e.g. cyclones) or predictable (e.g. seasons). For example, there is a strong link 
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between availability of resources and rainfall, and the phenomenon of short bursts of 
productivity in the environment triggered by rain events is known as resource pulses (Yang 
et al. 2008; Yang et al. 2010). Resource pulses generate bursts of productivity that can be 
observed from the lowest trophic levels up, with a time lag. The first taxa to respond to 
resource pulses are vegetation and insects, followed by small mammals, and then larger 
species (Yang et al. 2010). Drought is an alternative state to resource pulses, and in arid 
areas droughts can have varying repercussions depending on the intensity and duration of 
the drought. Effects can vary from the reduction of activity of species to retraction into 
refuges and local extinctions in some areas (Dickman et al. 2011). The effects of resource 
pulses are more evident in areas of low productivity such as arid areas. These are also 
subject to great variability in the intensity and duration of rainfall (Davis et al. 2015). In 
addition to food, den availability limits the density and distribution of some species (Bakker 
and Hastings 2002).  
In contrast, top-down regulation is exerted from the highest trophic level to the ones 
below. For example, in predator-prey interactions, predators exert control on herbivores, 
relieving the pressure on vegetation consumed by the prey (Terborgh et al. 2001). This 
concept can also be applied to the relationships among predators. In this case, larger 
predators control the distribution and abundance of the relatively smaller predators through 
competition or predation (Brook et al. 2012; Schuette et al. 2013; St-Pierre et al. 2006). 
Thus, the interactions among predators often result in spatial or temporal resource 
partitioning, where smaller species take suboptimal resources or time-slots to reduce the 
risk posed by larger ones (Atwood et al. 2011; Bischof et al. 2014; Brook et al. 2012).  
Top-down regulation among predators is most evident in apex (top) predators. 
Natural and experimental exclusions of top predators show that their removal generates 
cascading effects in their environments (Ripple et al. 2014b; Terborgh et al. 2001). For 
example, removing the regulating effects of top predators on smaller ones increases 
abundance and distribution of medium-sized predators (mesopredator release) (Crooks 
and Soule 1999; Greenville et al. 2014; Moreno et al. 2006; Prugh et al. 2009; Ritchie and 
Johnson 2009). In turn, the added pressure of mesopredators on prey has been linked 
with declines of prey species in many environments (Crooks and Soule 1999; Doherty et 
al. 2016b). Reintroductions and natural recolonizations of top predators show that such 
cascading effects are regulated by the top predators. For example, there is plenty of 
evidence that the reintroduction of wolves (Canis lupus) in Yellowstone National Park 
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resulted in the restoration of the whole ecosystem (Beschta and Ripple 2016; Terborgh 
2015).  
Rather than being mutually exclusive, top-down and bottom-up regulation can 
interact in the environment (Faeth et al. 2005; Terborgh 2015). Faeth et al. (2005) 
suggested that the level of interaction between these forms of regulation depends on how 
stressed the environment is. In the example of Yellowstone National Park, the loss of 
wolves relieved top-down pressures on large prey and mesopredators, which increased 
top-down pressures on smaller prey species. The increased top-down regulation from 
large herbivores on the primary producers generated overgrazing. Being unable to sustain 
that level of grazing, the condition of the environment deteriorated significantly and bottom-
up regulation became more evident. Conversely, the reintroduction of wolves restored top-
down regulation, alleviating stress at the producer level, which restored the condition of the 
vegetation and improved bottom-up supply and the vegetation’s capability to sustain 
greater biodiversity. Another well known example involving predator-prey interactions is 
between lynx and hares, and deals with the dynamics between top-down and bottom-up 
models over time. In this case, an increase in plant resources allows an increase in hares 
which leads to greater availability of hares to lynx (bottom-up regulation), which increases 
the numbers of lynx that then exert predatory pressures on hares, reducing their numbers 
(top-down regulation), until the numbers of hares and then lynx are both reduced, which 
leads to the increase in plant resources. The responses of each species to changes in the 
environment or in other species are not immediate, leading to a time lag that can take 
several years, resulting in a boom and bust cycle of both species that is completed 
approximately every 10 years. This example also shows how the relative importance of 
top-down and bottom-up regulation is relevant at the species level.  
1.3 INTERACTIONS AMONG PREDATORS  
Carnivores are important in their environment because they can alter other species’ 
distribution and abundance. Predators that exploit the same resources in the same area 
compete (Glen et al. 2011; Terborgh 2015). This interspecific competition usually occurs 
among predators of similar size (Glen et al. 2011). The effects of interactions among 
predators are especially evident for the largest carnivores in the community. Top predators 
are considered keystone species due their influence on prey and smaller predators alike 
37 
 
(Terborgh 2015). Large predators kill smaller predators through predation, interference 
competition (to remove competition, in which the smaller predator is killed but not eaten), 
or interference predation (in which the smaller predator is killed and eaten) (Brawata and 
Neeman 2011; Brook et al. 2012; Ritchie and Johnson 2009). Therefore, smaller predators 
change their spatial and temporal behaviour to lessen their mortality risk (Brawata and 
Neeman 2011). Risk of predation often translates into occupation of lower quality areas 
that can negatively affect the fitness of the smaller carnivores, resulting in lower 
reproductive success and survival rates (Brook et al. 2012; Ritchie and Johnson 2009). As 
a result, larger carnivores exclude smaller ones from higher resource areas or from larger 
prey (Davis et al. 2011; Nilsen et al. 2005; Prugh et al. 2009). However, the degree of the 
effect of top predators and the coexistence among predators may depend on habitat 
productivity (as related to prey availability) and habitat complexity, as has been seen 
among raptors (Chakarov and Krüger 2010).  
These interactions among predators are not exclusive to native species. Introduced 
carnivores in Australia include the eutherian red fox and feral cat, which arrived with 
European settlement, establishing wild populations in the ~1800s and ~1850s, respectively 
(Abbott 2002; Short et al. 2002). The dingo (Canis dingo [Canis lupus dingo]) arrived in a 
single colonization event ~3450 years ago (Wright and Lambert 2015).There has been 
debate on the taxonomy of dingoes, I use C. dingo here following Crowther et al. (2014), 
who recently conducted morphological analysis and concluded that dingoes should be 
considered as a species different to the C. lupus species complex. With an average mass 
of 16 kg (Cupples et al. 2011), dingoes are the largest mammalian predator in Australia. 
There is some evidence that dingoes control numbers of foxes and cats (Brook et al. 2012; 
Cupples et al. 2011; Johnson et al. 2007; Letnic et al. 2012). Given their relatively larger 
size, foxes may also control cats, at least in some areas (Claridge et al. 2010). The 
mechanisms of dingo control of cats and foxes remains unclear, but could be direct 
(predation) or indirect (resource partitioning) (Brawata and Neeman 2011). During their 
study, Brawata and Neeman (2011) found evidence supporting indirect mechanisms, 
where dingoes deterred cats and foxes from areas near artificial water points. However, 
dingo predation has also been recorded on cats (Allen et al. 2015; Moseby et al. 2012) 
and foxes (Cupples et al. 2011). Moseby et al. (2012) found direct killing without 
consumption, and deaths occurred during high activity times, suggesting that dingoes 
opportunistically kill cats and foxes through interference competition rather than predation. 
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Thus, there is evidence that dingoes now fill the role of top predators and control 
mesopredators on mainland Australia (Kennedy et al. 2012; Wallach et al. 2010).  
The role of the dingo as a top predator and its control of introduced predators is 
variable, because dingoes are persecuted (Brook et al. 2012). Regardless of their 
importance as a keystone species and the long time since they were first introduced, 
dingoes are still considered pests and are subject to lethal control practices (Claridge et al. 
2010; Johnson et al. 2007; Letnic et al. 2012). Most efforts to control dingoes involve 
poison baiting (mostly 1080 – sodium monofluoroacetate), but trapping and shooting also 
occur (Brook et al. 2012). The compound 1080 occurs naturally in plants of Western 
Australia, where its use is widespread through aerial baiting (Claridge et al. 2010; King 
1989). Because it occurs in a native plant, Western Australia’s native animals are relatively 
unaffected by the widespread baiting programs in this state. 1080 is known to affect some 
quoll species (Belcher 1998; Hill and Ward 2010), but King (1989) found no evidence to 
support a deleterious effect of 1080 on northern quolls in the Pilbara. This poison can 
control foxes and cats as well as dingoes; however cats are more selective than foxes, 
making them less likely to consume 1080 bait (Claridge et al. 2010; Moseby et al. 2012). 
Consequently, control practices are not effective at lowering cat numbers, generating 
mesopredator release where cats thrive in the absence of foxes and dingoes (Glen et al. 
2011; Moseby et al. 2012). This appears to have resulted in a rise in cat numbers following 
continent-wide efforts to control dingoes (Johnson et al. 2007). Although the negative 
influence of introduced predators on critical weight range species has been established, 
the interactions between introduced predators and native ones have been poorly studied. 
Negative influence of feral cats on native species is not exclusive to Australia, and cats 
have been held responsible in 26% of the extinctions across the world (Doherty et al. 
2016a; Doherty et al. 2016b). 
1.4 DASYURIDS 
The family Dasyuridae occupies the mammalian predator niche in Australia, and 
includes a wide range of insectivorous and carnivorous species that are mostly small (3.5 
to 185 g), but also includes the intermediate-sized quoll species (Dasyurus spp., 240 g to 5 
kg) and large species such as Tasmanian devil (Sarcophilus harrisii, 5 to 14 kg) and the 
extinct thylacine (Thylacinus cynocephalus, 15 to 35 kg) (Van Dyck and Strahan 2008). 
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Following the extinction of the thylacine and the range contraction of the devil to 
Tasmania, quolls are the largest native mammalian predators where they occur in 
mainland Australia. The northern quoll is the smallest of the quoll species (240 to 1120 g), 
but it is still the largest predator across most of its range. The four Australian quoll species 
fall into the ‘Critical Weight Range’ category and have suffered serious declines since 
European settlement. These declines have been attributed to anthropogenic effects such 
as habitat loss, changes in habitat and in fire regimes, and the introduction of invasive 
predators (Cardoso 2011). Based on digitized distribution maps from Van Dyck and 
Strahan (2008), Fisher et al. (2014) calculated the decline of Dasyurus species and found 
that, at the time of the maps’ development, the spotted-tailed quoll (D. maculatus) 
inhabited 51% of its former range in the south while its distribution remained unchanged in 
the north, the eastern quoll (D. viverrinus) was restricted to 17% of its previous range, the 
western quoll or chudditch (D. geoffroii) was reduced to about 3% of its former range, and 
the northern quoll was reduced to 18% of its previous range (Fisher et al. 2014). All quoll 
species are now in some risk category, with the spotted, eastern, and western quolls listed 
globally as near threatened (IUCN 2013). However, the eastern and northern quoll species 
have suffered the steepest declines in recent years. The eastern quoll is believed to 
persist only in Tasmania, where it is also suffering population declines that could result 
from a combination of extrinsic factors (Fancourt et al. 2013). The decline of Tasmanian 
devils (Sarcophilus harrisii) due to disease may have relieved pressure on introduced cats 
and foxes, which hunt quolls (Fancourt et al. 2013). The northern quoll’s decline within the 
last 50 years has been labelled as “catastrophic” (Woinarski et al. 2007). It is now 
nationally and internationally listed as endangered, due to a > 50% population decline in 
the span of 10 years (Hill and Ward 2010; Oakwood et al. 2016). 
In 2014, fifty four species of small dasyurids (‘micro-carnivores’) were known in 
Australia, however the number has since changed and will probably continue to do so as 
species are still being discovered and described (Dickman 2014). For example, the dusky 
antechinus (Antechinus swainsonii) complex has recently been as revised. Three 
subspecies were elevated to species (A. arktos, A. mimetes, and A. vandycki) (Baker et al. 
2015). Similarly, although previous studies recognized three species or a single species of 
mulgara (Dasycercus), recent genetic studies recognize two species, the crest-tailed 
mulgara (D. cristicauda) and the brush-tailed mulgara (D. blythi), which has altered our 
understanding of their distribution. Mulgaras in the Simpson Desert are brush-tailed 
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mulgaras (Woolley 2006). The brush-tailed mulgara therefore occurs across arid and semi-
arid deserts of central and western Australia from western Queensland to central Western 
Australia (Pavey et al. 2012).  
Micro-carnivores are mostly insectivorous, many eat plant material, and for the 
majority at least 10% of scats analysed contain vertebrates, with a positive (but variable) 
relationship between body size and the contribution of vertebrates to their diets (Dickman 
1988, 2014; Van Dyck and Strahan 2008). Dickman (2014) noted that the ability of micro-
carnivores to exploit resources opportunistically can be observed in the flexibility of their 
diet, which follows changes in the environment and resource availability. Micro-carnivores 
are often prey items of larger predator species, and are often abundant, suggesting they 
play important ecological roles in their environment (Dickman 2014). In the Simpson 
Desert, Dickman et al. (2001) studied the population dynamics of three micro-carnivores 
over a 10-year span, and found that fluctuations of lesser hairy-footed dunnarts 
(Sminthopsis youngsoni) were mostly related to spinifex cover, those of mulgara related to 
rainfall, and those of wongai ningaui (Ningaui ridei) related to temperature and spinifex 
(hummock grass) cover. Also in the Simpson Desert, Haythornthwaite and Dickman (2006) 
were unable to identify environmental variables that consistently explained the fluctuations 
of six micro-carnivores, and reported that the responses were scale dependent.  
Only a few studies have focused on the dasyurid communities and interactions 
among species. There is some evidence of competition among micro-carnivores, including 
instances of interference competition (Dickman 1986c, 2014), and indication that larger 
species dominate smaller ones, even within micro-carnivores (Dickman 2014). In 
Tasmania, Tasmanian devils, spotted-tailed quolls, and eastern quolls were studied to 
assess their diet overlap and relative abundance (Jones and Barmuta 1998) and their 
niche differentiation (Jones and Barmuta 2000). In the Simpson Desert, Dickman (2006) 
reported an in-situ exclusion experiment where he assessed the role of mulgaras as top 
predators, and found that the removal of mulgaras released pressure on lesser hairy-
footed dunnarts, allowing an 80% increase in abundance, which outcompeted the smaller 
species Planigale spp. and Wongai ningaui.  
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1.4.1 Life history strategies and demography of dasyurids 
Species’ life history strategies occur on a continuum (Bielby et al. 2007; Fisher et al. 
2013), where the fast end of the continuum consists of short-lived species with high 
reproductive rates, and the slow end has species with long lives and low reproductive 
rates. One of the traits associated with life history variation in mammals is body size, 
because larger species tend to be on the slow end of the continuum (e.g. Boyce, 1979), 
however, it has been noted that body size does not completely explain life history speed 
because other intrinsic traits such as interbirth interval, age at sexual maturity, and 
weaning age are correlated with one another independently of body size (Bielby et al. 
2007; Fisher et al. 2001). On an evolutionary scale, the diversity of life histories can be 
accounted for through the costs of reproduction, as well as the costs of intrinsic traits (e.g. 
weaning age) and ecological factors (e.g. diet) (Fisher and Blomberg 2011; Hamel et al. 
2010). Energetic costs of living and reproducing are sustained through food resources, 
thus, an individual needs to secure and optimize available food to ensure its subsistence 
and contribution to the next generation (Hamel et al. 2010).  
Life history strategies can also be described on a semelparity-iteroparity continuum, 
where semelparity involves individuals having a single reproductive event in their lifetime 
and iteroparity involves multiple reproductive events (Bielby et al. 2007). Mammals rely on 
parental care to enhance offspring survival. Semelparity is relatively common in plants, 
fish, molluscs and arthropods in which there is low adult survival between breeding bouts, 
but high juvenile survival to reproductive maturity. Semelparous females need to have high 
enough fecundity to compensate for their short lifespan. Maternal care means that 
mammals are constrained to a low maximum reproductive rate, so semelparity should not 
evolve in females (Badyaev and Cameron 2001; Fisher et al. 2013). However, semelparity 
has evolved in males of some species in the marsupial family Dasyuridae (Collett 2013; 
Fisher et al. 2013; Martins et al. 2006). Different lifespan between males and females after 
mating, are driven by sexual selection in dasyurids, because males compete for 
fertilisations at the expense of individual survival (Fisher et al. 2013).  
For females, having large litters translates to very high energetic demands. To meet 
this demand, it is common that semelparous marsupials breed once a year at the time 
when prey availability peaks (Fisher et al. 2013). This can lead to synchronized seasonal 
breeding at the time of year that maximizes offspring survival (Bergeron et al. 2011; Fisher 
et al. 2013). Bergeron et al. (2011) pointed out that for chipmunks this is the stage of 
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juvenile emergence, while Fisher et al. (2013) noted that for northern quolls this is the 
stage of late lactation.  
For males, reproductive success can be measured by mating success. Uniquely 
among mammals, dasyurids from the genera Antechinus, Phascogale and Dasykaluta 
have obligatorily semelparous males. For these genera, females might survive to a second 
or third mating season. However, males undergo physiological changes that result in their 
death. Males die from high levels of free corticosteroids in the blood that cause immune 
system failure, internal bleeding and endoparasite invasion (Dickman and Braithwaite 
1992; Fisher et al. 2013). Northern quolls do not have obligate male semelparity, but they 
are close to the semelparity end of this life history continuum, because males lose body 
condition and few or none survive to breed a second year, depending on the population 
and environmental conditions (Oakwood et al. 2001). 
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1.5 STUDY AREA 
Located in the north-western portion of Western Australia, the Pilbara is a semi-arid 
region of approximately 178 500 km2 with very hot summers with maximum temperatures 
of 38°C on average (maximum temperature often > 40°C) and mild winters with maximum 
temperatures of 25°C on average (Figure 1-1) (McKenzie et al. 2009; van Vreeswyk et al. 
2004). The Pilbara is characterized by a rainy season that is highly variable in space and 
time (i.e. between areas and years) (McKenzie et al. 2009). Most rain occurs during 
summer (December to March), when cyclones are responsible for most of the 250 to 400 
mm that falls annually. September and October are the driest months (McKenzie et al. 
2009; van Vreeswyk et al. 2004). This region is dominated by pastoral lands, but also has 
nature reserves and aboriginal land, mining areas, and small towns (van Vreeswyk et al. 
2004). Due to its mineral richness and mining activities, this area has great economic 
importance (Eberhard et al. 2004; McKenzie et al. 2009). The vegetation is mostly 
dominated by the genera Acacia (thorn trees), Aristida (grasses), Ptilotus (perennial herbs 
or shrubs), Senna (legumes) and Triodia (perennial grasses: spinifex) (van Veerswky et al. 
2004).  
 
 
Figure 1-1. Pilbara region of Western Australia (in red). 
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Within the Pilbara, this study was conducted at two sites that are located relatively 
close to two of the most important cities of the area: Karratha and Port Hedland. 
Millstream-Chichester National Park is located to the north east of Karratha and Indee 
Station is located to the south of Port Hedland. Millstream-Chichester National Park spans 
over approximately 2 381 km2 (Figure 1-2), while Indee Station has an approximate 
extension of 1 623 km2 (Figure 1-3).In Millstream-Chichester National Park, work was 
conducted in and around Python Pool (E 117°14’19’’, S 21°20’1’’). The national park had a 
pastoral land history until it was purchased in two steps, first in 1970 and then in 1982 
when it became Millstream-Chichester National Park 
(http://parks.dpaw.wa.gov.au/sites/default/files/downloads/parks/millstreamnp.pdf). Within 
Indee Station, work was conducted in and around Red Rock (E 118°35’12’’, S 20° 52’41’’). 
Indee Station is a private lease that is still used as pastoral land for cattle, but has also 
been used as a tourism venue with varied activities including motorcycle races.  
 
 
Figure 1-2. Millstream Chichester National Park. The boundary of the station represented by the 
red polygon and roads represented by black lines. Background is a satellite image taken in June 
2014, downloaded from USGS (https://glovis.usgs.gov/). 
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Figure 1-3. Indee Station. The boundary of the station represented by the red polygon and roads 
represented by black lines. Background is a satellite image taken in June 2014, downloaded from 
USGS (https://glovis.usgs.gov/).  
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1.6 OVERALL GOAL AND AIMS  
The overall goal of this thesis is to better understand the ecology of the northern 
quoll in the Pilbara, to understand drivers of the density and distribution of this endangered 
species, and to provide information to enhance conservation efforts. In Chapter 2, I 
explore top-down regulation by assessing the associations between introduced predators 
and northern quolls. In Chapter 3, I explore the potential of intraspecies competition by 
assessing the associations among dasyurids. In Chapter 4, I explore the demography of 
northern quolls. In Chapter 5, I explore the bottom-up regulators related to resource 
availability and assess habitat quality for northern quolls. In Chapter 6, I discuss the top-
down and bottom-up derivers of northern quoll density and distribution. Below, I present 
general and specific aims of each data chapter.  
1.6.1 Chapter 2: Introduced predators and habitat structure influence range 
contraction of an endangered native predator, the northern quoll 
The overall goal of this chapter was to assess the associations among dingoes, 
cats, and northern quolls in terms of spatial and temporal interactions, but also explore 
associations with habitat structure and with water proximity. I assumed that dingoes were 
top predators, cats mesopredators, and quolls were considered as potential prey or 
competitors of the other species. I asked: 
Do cats avoid dingoes and quolls avoid cats in space? 
Do cats avoid dingoes and quolls avoid cats in time? 
Is there evidence for mesopredator release of cats by dingoes? 
Are cats suppressing quolls, thus restricting their distribution? 
How are quolls associated with proximity to creek-lines? Since this question 
assumes no association between habitat structure and creek-lines we 
also assessed if the distribution of creek lines was associated with 
topographic features 
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1.6.2 Chapter 3: Do large marsupial carnivores affect the structure of their diverse 
community of a semi-arid zone? 
The overall goal of this chapter was to determine if the largest dasyurids, northern 
quolls and brush-tailed mulgaras, acted as top predators within the guild. Considering that 
there is little information on the interactions among the dasyurid guild. I asked: 
Do medium-sized species avoid large species (quolls and mulgaras) and 
small species avoid medium-sized species in space? 
Do medium-sized species avoid large species (quolls and mulgaras) and 
small species avoid medium-sized species in time? 
Do dasyurids exhibit top-down regulations observed among eutherian 
carnivores? 
Is there evidence for mesopredator release of medium-sized species 
resulting from range contractions of northern quolls? 
1.6.3 Chapter 4: Demography of the northern quoll in the most arid part of its range 
The overall aim of this chapter was to understand if population characteristics of 
northern quolls in the Pilbara differed from known characteristics in other parts of its range, 
in the context of climate and latitude. I characterized their survival, population sizes of 
males and females, density, growth rates, body condition, and reproductive timing (based 
on scrotal size for males and pouch development for females). I asked: 
Does reproduction occur later in the Pilbara as it does in southern latitudes of 
less arid climate?  
Is population density lower in the Pilbara than in previously studied mesic 
sites, as would be expected from its aridity? 
Do population characteristics fluctuate in synchrony with resource pulses? 
Do males exhibit semelparity? Is their survival lower than for females, as it 
occurs in other parts of their range? And, do these differences 
translate to fluctuations in population structure, size, and density? 
Does body condition decrease after the mating season? 
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1.6.4 Chapter 5: Components of habitat quality for northern quolls in the Pilbara  
The overall aim of this chapter was to asses indicators of habitat quality for northern 
quolls. We assessed resource availability in terms of den and prey availability. I 
investigated prey availability in terms of numbers of records and diversity of vertebrates 
and invertebrates, and related availability to the diet of northern quolls. I also assessed the 
amount of cover (by vegetation or geomorphic features) at the ground level and habitat 
heterogeneity. I compared the six habitat types available (spinifex grasslands, soft 
grasslands, rocky habitats, riparian areas, recently burnt areas, and shrublands). I ranked 
habitats considering these factors, and asked: 
Does topographic complexity create high quality habitat for medium sized 
predators due to protection from predators and weather? 
Does topographic complexity create high quality habitat for medium sized 
predators because it provides niches enabling higher prey diversity 
and abundance?  
Are seasonal differences in prey availability reflected in northern quoll diet?  
What are the implications for the conservation ecology of northern quolls? 
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2 Introduced predators and habitat structure influence range 
contraction of an endangered native predator, the northern 
quoll  
 
Hernandez-Santin, L., Goldizen, A.W., Fisher, D.O., 2016. Introduced predators and 
habitat structure influence range contraction of an endangered native predator, the 
northern quoll. Biological Conservation, 160 - 167. DOI: 10.1016/j.biocon.2016.09.023 
2.1 ABSTRACT 
Introduced predators such as feral cats (Felis catus) are responsible for declines of 
many small mammals across the globe. The impact of cats can be exacerbated by 
mesopredator release, when larger predators (e.g. canids) are suppressed. In response to 
increasing predation threat from cats, native species may change their use of landscapes. 
I studied how interactions among native and introduced predators affect the decline of the 
largest native predator in northern Australia, the endangered northern quoll (Dasyurus 
hallucatus). The northern quoll is a carnivorous marsupial that is undergoing rapid 
population declines in most of its range, and is retreating to rugged, rocky parts of the 
landscape. Widespread dingo (Canis dingo) control has been hypothesized to lead to 
mesopredator release of cats in parts of the continent. Using camera trapping and GIS 
mapping methods, I determined the temporal activity and spatial distributions of sympatric 
northern quolls, dingoes and cats in the semi-arid Pilbara region of Western Australia. I 
found that dingoes were scarce, and their role as top predators in my study areas was 
weak. Cats avoided dingoes in time at a fine scale, but their spatial distribution was not 
affected by dingoes. Cats frequently used flat, open habitats. Quolls avoided areas used 
by cats. I suggest that introduced predators influence the use of landscapes by northern 
quolls at both local and larger scales. Predator avoidance is likely to be a major reason for 
the contraction of the distribution of northern quolls to rocky areas across northern 
Australia.  
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2.2 HIGHLIGHTS 
Dingoes did not co-occur with northern quolls.  
Ecological absence of dingoes has allowed mesopredator release of cats. 
Northern quolls and cats use different habitats. 
Cats may have pushed northern quolls out of grasslands, into rocky habitats.  
2.3 KEY WORDS 
Resource partitioning, mesopredator release, feral cat, dingo, Australian mammal 
extinction 
2.4 INTRODUCTION 
Resource partitioning occurs in ecological time when smaller species from a given 
guild move to suboptimal habitat or alter their behaviour to avoid competition or predation 
from larger ones (Atwood et al. 2011; Bischof et al. 2014). For example, in the Panama 
Canal region, jaguars (Panthera onca), pumas (Puma concolor), and ocelots (Leopardus 
pardalis) exhibit resource partitioning (Moreno et al. 2006). Jaguars take large prey, 
leaving medium-sized prey to pumas and small prey to ocelots. In the absence of jaguars, 
pumas shift to large prey, and ocelots to medium-sized prey (Moreno et al. 2006). This is 
an example of mesopredator release, where the removal of a top-predator can alleviate 
top-down control for the remaining smaller predators, allowing them to increase in 
numbers or change their behaviour (Prugh et al. 2009). Mesopredator release often 
causes substantial declines of smaller prey species (Prugh et al. 2009), especially in areas 
where invasive predators affect native species.  
Around a third of modern mammal extinctions have been Australian species. At 
least 24 species have become extinct since the mid 19th century (Woinarski et al. 2015) 
and a third of Australian marsupials have experienced range reductions (Fisher et al. 
2014). Burbidge and McKenzie (1989) identified that species within a ‘Critical Weight 
Range’ (CWR), with a mass between 35 and 5 500 grams, were at most risk. Invasive 
predators are considered to be the main threat to CWR species (Johnson et al. 2007; 
Lawes et al. 2015a). Introduced mammalian predators in Australia include the cat (Felis 
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catus) and red fox (Vulpes vulpes). The dingo (Canis dingo, Crowther et al. 2014) is not a 
native mammal but arrived at least 3 450 years ago (Wright and Lambert 2015), and now 
has a role as top mammalian predator, perhaps having taken the ecological role of similar-
sized extinct native carnivores (Johnson et al. 2007; Wallach et al. 2010). Changed fire 
regimes are also considered a threat to small and mid-sized mammals (Woinarski et al. 
2015), potentially because intense fires interact with invasive predators, generating a 
‘multiplied’ or synergistic negative effect (Doherty et al. 2015b). For example, in the 
Kimberley region of northern Western Australia, cats showed a strong preference for open 
habitats, especially areas burnt in intense fires, because fire simplified habitat structure, 
creating homogeneous open areas (McGregor et al. 2014). They also found that cats had 
a 30% hunting success rate, and 28% of the successful kills were not consumed 
(McGregor et al. 2015). CWR species are the preferred prey size of foxes and cats. 
Medium sized species have been identified as at higher risk in southern Australia where 
foxes and cats are prevalent. In northern Australia there are cats but no foxes, and species 
at higher risk are smaller (Fisher et al. 2014; Lawes et al. 2015a). Frank et al. (2014a) 
recently showed experimentally that cats are linked to declines of smaller mammals in 
northern Australia.  
The northern quoll (Dasyurus hallucatus) is a medium-sized carnivorous marsupial 
(Dasyuridae), and is considered part of the CWR group. It is the largest native mammalian 
predator across most of its range. It was once distributed throughout the northern third of 
Australia (Hill and Ward 2010), inland to about 200 km, but is now restricted to a few 
fragmented populations (Braithwaite and Griffiths 1994; Oakwood and Spratt 2000). The 
decline of the northern quoll has been more severe in flat, open habitats, than in elevated 
rocky areas (Hill and Ward 2010; Oakwood 2002; Oakwood and Pritchard 1999), and it 
has disappeared from most of its former range in savannas and grasslands (Oakwood and 
Spratt 2000). It persists in fragmented rocky areas and is now nationally and internationally 
listed as Endangered (Hill and Ward 2010; Oakwood et al. 2016). Other than the toxic 
cane toad (Rhinella marina), which has not yet reached the Pilbara region, it is still unclear 
what factors threaten local survival of northern quolls in this region (Hill and Ward 2010). It 
has been suggested that these factors include changes in fire regimes, land use changes 
due to cattle grazing and mining, and competition with and direct predation by introduced 
predators (Hill and Ward 2010; Woinarski et al. 2007). In the National Recovery Plan for 
the species, Hill and Ward (2010) suggest that introduced predators are more abundant in 
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flat grasslands, and that steep rocky habitats provide shelter where northern quolls are 
more protected from predators. The Pilbara region of Western Australia is an area where 
the top-down interactions of northern quolls and their introduced predators can be 
investigated without these being potentially obscured by the effect of cane toads.  
The Pilbara is a semi-arid environment, where free water is limited. Many rivers in 
the Pilbara form sets of unconnected water pools for most of the year. Species respond 
differently to such limited water availability. Although water availability can be a crucial 
factor for dingoes because they need it to survive, they may not visit monitored water 
tanks daily (Allen 2012). Cats can meet their water requirements through food, but free 
water might enhance their survival in arid environments (Brawata and Neeman 2011). 
Water availability also seems to be important for northern quolls. This may be related to 
higher prey availability near water (Hill and Ward 2010). Pollock (1999) found ~60% of 
recorded quolls within 200 m of permanent water, and Braithwaite and Griffiths (1994) 
have documented quolls drinking water. In addition to providing water, riparian areas are 
complex habitats that may provide shelter for cats from predators and humans (Doherty et 
al. 2014), while open habitats may allow them higher hunting success (Doherty et al. 2014; 
McGregor et al. 2015). 
Regardless of their importance as top predators and the long time since they were 
introduced, dingoes are still considered an introduced pest and controlled by poison bait 
(sodium fluoroacetate, ‘1080’) in many areas (Claridge et al. 2010; Johnson et al. 2007; 
Letnic et al. 2012). This poison affects foxes and cats as well, but because cats are less 
likely to consume 1080 bait, such control programs are ineffective for cats (Burrows et al. 
2003), especially under high prey availability conditions (Burrows et al. 2003; Christensen 
et al. 2013). However, researchers have successfully controlled cats at site scale in 
southern Western Australia using the ‘newly’ developed Eradicat® which is also based on 
1080 poison, delivered in a sausage medium composed of kangaroo meat, chicken fat, 
and other enhancers (Algar et al. 2013). Eradicat® has been tested in different parts of 
Western Australia (Morris et al. 2015) and was not found to have an effect on northern 
quolls in the Pilbara, so is now considered for programs at the landscape level (Morris et 
al. 2016). The role of dingoes as top predators is increasingly supported by evidence of 
their control of foxes and cats (Brook et al. 2012; Cupples et al. 2011; Johnson et al. 2007; 
Letnic et al. 2012). Thus, baiting programs facilitate mesopredator release where cats 
thrive in the absence of foxes and dingoes. Increased abundance of mesopredators 
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translates into higher predation on their prey species, ultimately suppressing small and 
mid-sized native mammals (Johnson et al. 2007). On the other hand, Radford et al. (2014) 
show that the presence of top predators such as dingoes are related to a more complex 
composition and relative abundance of native mammals in the Kimberley. They suggest it 
can result from control on mesopredators and on ‘dominant competitors of CWR 
mammals’ such as macropods (Radford et al. 2014). Accordingly, I have observed dingoes 
predating on wallaroos (Macropus robustus) in my study area. 
The overall goal of this study was to assess how interactions among predators 
might affect the decline of the northern quoll, particularly the contraction of its range to 
steep rocky areas and loss from flat arid grasslands. I analysed patterns of activity and 
distribution of northern quolls and introduced predators in the Pilbara to examine predator 
interactions, associations between predators and habitat structure, and associations 
between species distributions and water. I assumed that in this system, dingoes act as top 
predators, cats as mesopredators, and quolls, being the smallest species in this carnivore 
guild, as potential prey or competitors of the larger carnivores. I predicted the following. 1) 
Cats would avoid dingoes in space, and quolls would avoid cats in space. 2) Cats would 
avoid dingoes in time, and quolls would avoid cats in time (by shifting activity schedules in 
the presence of these predators). I hypothesised that mesopredators in my system prefer 
open habitats (grasslands and recently burnt areas) to rock outcrop areas, while quolls 
prefer rock outcrops to shelter from mesopredators among other potential benefits. So, I 
predicted that 3) cats would show greater use of open habitats than rock outcrops, and 
quolls would show greater use of rock outcrop areas than open habitats. In terms of 
associations between species distributions and water, reports in the literature suggest that 
dingoes, cats, and northern quolls may all prefer areas near water in the arid zone and 
seasonally dry tropics. Although the amount of drinking water needed by these species 
may differ, they likely all benefit from having drinking water readily available. If there were 
no interactions between predator species that affect their space use, and no associations 
between habitat structure and the presence of water, I predicted that dingoes, cats, and 
quolls would be associated with the spatial distribution of creek-lines. However, if quolls 
avoid cats, and cats avoid dingoes, I predicted that 4) dingoes and quolls would be 
positively associated with water, and cats would be negatively associated with creek-lines. 
Because this prediction assumed there are no associations between habitat structure and 
the presence of creek-lines, and to fully understand the habitat use of the species, I also 
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tested relationships between habitat types or the presence of rock outcrops and the 
presence of water (Appendix A).  
2.5 MATERIALS AND METHODS 
2.5.1 Study area 
The Pilbara is a semi-arid desert with high average temperatures of 38°C during 
summer and 25°C during winter (McKenzie et al. 2009; van Vreeswyk et al. 2004). The 
wet season is December to March (McKenzie et al. 2009). The region is remote with very 
low human population density, based on estimates of 2014, it has about 7.5 people per 
km2 (REMPLAN 2014). This research was carried out at two study sites in the Pilbara 
(Figure 2-1): Millstream Chichester National Park (Millstream) and Indee Station (Indee). 
Millstream is south east of the coastal town of Karratha, and was a cattle property before it 
became a national park in 1982 (Department of Parks and Wildlife  2011). Although 
Millstream does not poison bait dingoes, nearly all neighbouring properties bait every 
September. Indee Station, south of the coastal town of Port Hedland, is a cattle property 
and tourist park with mining activities inside and adjacent to the property. Indee Station 
baits dingoes every September. The mean monthly rainfall at the beginning of this study 
(2013) was 61.41 (SD = 89.15) for Millstream (recorded at Pyramid Station) and 48.68 (SD 
= 56.01) recorded at Indee Station (BOM 2016).  
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Figure 2-1. Study site in the Pilbara (light brown, obtained from ArcGIS online dataset –ESRI–, 
which was extracted from the Department of State Development of Western Australia). Grey, 
larger, and squared polygons indicate study site boundaries (Millstream to the left and Indee to the 
right). These boundaries were provided by the Department of Parks and Wildlife (DPaW). Black, 
smaller, and rounded polygons indicate the merged buffer areas of 5 km from each camera at each 
site. Blue lines indicate rivers within the study sites (data from GeoScience, corrected by Neil 
Brougham, DPaW). The map of Australia was obtained from ArcGIS online dataset (ESRI).  
2.5.2 Field surveys 
Using camera-traps (Reconyx RapidfireTM models HC500 and PC900), I assessed 
the presence and activity of introduced predators (cat and dingo) and northern quolls. I 
conducted two ‘pilot’ trips (13-Mar-2013 to 27-Mar-2013 and 19-Sep-2013 to 5-Oct-2013), 
and five main trips. Main trips corresponded to specific parts of the quoll life cycle, 
including population recruitment (April and May), the start of the mating season (June and 
July), and the reproductive season (September and October). Thomson (1992a) noted that 
dingoes in the Pilbara had a mating season between mid March and mid June, with a peak 
from mid May to early June. Therefore, I also sampled during dingo mating season when 
their detections are also expected to be high. The first trip was conducted from 23-Apr-
2014 to 20-May-2014, the second from 17-Jun-2014 20-Jul-2014, the third between 17-
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Sep-2014 and 14-Oct-2014, the fourth between 1-Apr-2015 and 27-Apr-2015, and the fifth 
between 3-Jun-2015 and 30-Jun-2015. 
I monitored five transects per site per trip. These transects were set on roads in 
different habitat types at Millstream and Indee. During the second pilot study (Sep to Oct 
2013) I only detected introduced predators in areas close to roads, including a creek that is 
sometimes used as a road. The use of roads as travel routes by predators has been 
previously observed, for example for jaguars in Paraguay (Hernandez-Santin 2007) and 
for dingoes and cats in a semi-arid region of South Australia (Read et al. 2015); and 
previous research has reported higher detection probabilities of predators on roads (Frey 
and Conover 2006; Wang and Fisher 2012). Each transect contained 10 cameras, 
separated by 250 m baited with a punctured can of sardines in vegetable oil. During the 
first pilot study (Mar 2013), I used a variety of lures and determined that sardines were 
effective in attracting carnivores in my study area. The use of sardines as bait has been 
documented as effective for the carnivore guild in the semi-arid environment of west 
Texas, USA (Hernandez-Santin 2008). Transects remained the same throughout the 
study. During the first two trips, cameras were set about 300 mm from the ground. During 
the last three trips cameras were set on the ground to record smaller non-target species, 
while still allowing detection of target species. Non-target species included small mammals 
that are potential prey for northern quolls, such as rock rats (Zyzomys argurus). After 
removing camera failures, this gave a total of 2 415 trap nights.  
Transect locations were selected to cover different habitats available in my study 
sites, including riparian areas, spinifex grasslands, areas dominated by shrubs, recently 
burnt areas, and rocky habitats. However, due to their nature, availability of rocky habitats 
and rock outcrops near roads was low. Therefore, during each of the five field trips and 
both pilot trips, I used spare cameras as stations to further explore the presence of quolls 
and introduced predators in different habitats, but mainly in rocky areas, changing their 
location every time they were set. I include only cameras that were baited with sardines. 
The number of nights each station was active varied greatly. To reduce variability, I 
considered no more than five active nights per station. These ‘exploratory’ cameras, 
including those from pilot studies, contributed an additional 346 camera nights, for an 
overall total of 2 761 active nights.  
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2.5.3 Camera settings and events 
The cameras were set to take five pictures (one picture per second) each time the 
motion sensor was triggered. When more than one picture was taken, I recorded the 
information from the first picture of that event for which there was no question of species 
identification or, when in doubt, later pictures in which the individual was fully identified. 
For analyses of activity, I considered a single event to have occurred when an individual of 
the same species was photographed again by the same camera an hour after the first 
picture, and called such a set of photos a “temporal event”. Multiple temporal events per 
night were common for northern quolls, but happened only three times to an introduced 
predator (a cat). For spatial analyses, including analyses of associations of species with 
habitats and water, I considered a single event to have occurred when an individual of the 
same species was photographed one or more times within the same night, and used the 
first picture of the night; I called such a set of photos a “spatial event”. For each event, I 
recorded the camera ID (transect and camera number), site (Indee or Millstream), and 
information taken from each picture including species, date, and the time when it was 
taken. All statistical analyses were conducted in R studio (RStudioTeam 2015). 
2.5.4 Spatio-temporal interactions among predators 
To test the predictions that quolls will avoid cats, and cats will avoid dingoes in 
space or time, I explored the spatial and temporal patterns of sightings of northern quolls 
and introduced predators. I assume that species explore their environment at the same 
times of the day regardless of the bait used to attract them. 
2.5.4.1 Spatial relationships of northern quolls and introduced predators  
Baiting cameras enhances detection probability, and therefore data from such 
cameras should not be used to calculate density and abundance indices. Occupancy 
models can be used to asses spatial relationships between species, however, these 
require widespread sampling (e.g. Schuette 2013). I chose to concentrate on a smaller 
number of locations monitored over time (i.e. only transect data) to reduce the potential of 
false negative errors, that is, the error of failing to detect a species that was actually 
present in a given area. This resulted in a lower number of sampled areas, rendering 
occupancy modelling inadequate for my data. Thus, I used a modified Dice’s index of co-
occurrence (DOij) to compare the relationships between pairs of species (Pollock et al. 
58 
 
2014). For DOij, a value of 0 suggests that the distribution of a given pair of species is 
independent, positive values suggest co-occurrence, and negative values suggest 
segregation. These methods do not differentiate between the importance of interactions 
between species and those between each species and the environment (Pollock et al. 
2014). Following Pollock et al. (2014), I used the package “Picante” developed for R 
(Kembel et al. 2015) to calculate DOij, using the probability of occurrence per camera per 
species. And, I created subsets to allow analyses for the overall data (both sites) and 
separated by site. Finally, I calculated confidence intervals based on a bootstrap of 10000 
iterations, through the ‘adjusted bootstrap percentile’ method, using the package “Boot” 
developed for R (Canty and Ripley 2016).  
2.5.4.2 Temporal patterns of sightings of northern quolls and introduced predators  
Using the package ‘Circular’ developed for R (Lund and Agostinelli 2013), I ran an 
ANOVA for circular data and produced Rose diagrams of the temporal events per species 
based on the time stamp of each picture. The ANOVA was used to test whether there 
were significant differences in activity periods between species, with time (24-hour-day) as 
the independent variable and species presence as the dependent variable. Pictures taken 
in black and white (infra-red mode) were considered to have been taken at “night”, while 
pictures taken in colour were considered “day” photos. 
Following Wang and Fisher (2012), I converted the time stamp of each picture to 
radians to analyse the cyclic (daily) temporal relationships between the different species. 
For this, I used the package ‘Overlap’ developed for R (Meredith and Ridout 2014), which 
follows the methods described by Ridout and Linkie (2009). This measure of overlap 
ranges from 0 (no overlap) to 1 (complete overlap). Using all temporal events (transects 
and exploratory cameras), I calculated overlaps of activity between species, overall and 
separated by site. Comparisons among species involved each pair of species. Given the 
small number of dingo records throughout my study, I further explored the temporal 
overlap between cats and dingoes considering data obtained from trips and transects 
where dingoes were recorded in the southern portion of Millstream. 
2.5.5 Associations between predators and habitat structure 
To test the predictions that cats will have greater activity in open habitats and quolls 
will have greater activity in rock outcrops, I conducted chi-square tests to assess whether 
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the numbers of sightings of each species in each habitat differed from the expected 
numbers based on the habitats present at transect and exploratory camera locations. For 
this purpose, I recorded the habitat type at each site. I defined the habitat types based on 
the dominant vegetation type at each camera as riparian, rocky, shrubs, spinifex, and 
recently burnt. Recently burnt habitat included areas that were burnt during or just before 
surveys (with ash residue) and areas in early restoration stages with obvious fire scars 
represented by low vegetation cover (e.g. with spinifex < 20 cm high and/, covered by 
small peas in a matrix of spinifex “stumps”). I used the package ‘Polytomous’ for R (Arppe 
2013) to calculate the chi square tests and associated post hoc analyses, based on spatial 
events, using the overall camera set and separated by site. I tested the null hypotheses 
that the frequencies of each species’ presence are independent of habitat type.  
2.5.6 Associations between species distributions and creek-lines  
I downloaded data on rivers as a shapefile from GeoScience 
(http://www.geoscience.gov.au). For Millstream, this GeoScience layer did not include 
some creek-lines (rivers) that were identified by the head ranger (Neil Brougham) on a 
printed topographical map from GeoScience with a resolution of 1:250 000. Thus, using 
the Editor tool in ArcMap 10.2 (ESRI), I digitally added two rivers and expanded one more. 
In my study areas, rivers consist of sets of perennial water pools. To determine the 
importance of such creek-lines to quolls and predators, I converted rivers into a raster that 
reflected proximity, by calculating the Euclidean distance of each pixel in my study area to 
rivers using Spatial Analyst tools in ArcMap, with a pixel size of 30 m per side. I named the 
resulting layer “RiverNeilD”, which had high variability of distance values. Then, for 
statistical analyses, I reclassified RiverNeilD into one-kilometre intervals, resulting in 10 
categories (Riv1k) that allowed us to pool observations into higher numbers per distance 
category. Then, using Spatial Analyst in ArcMap, I extracted the values of Riv1k for the 
locations where each species was photographed (overall spatial events). I used the 
package ‘Polytomous’ to assess the relationship between each species and proximity to 
rivers, using chi square tests and post hoc tests for each site and overall. The test variable 
was Riv1k, that is, the distance to rivers in one-kilometre intervals. I tested the null 
hypotheses that the frequencies of each species’ presence (spatial events) were 
independent of closeness to water (Riv1k). I analysed this using transects and exploratory 
cameras. 
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2.6 RESULTS 
2.6.1 Camera records 
I recorded 196 spatial events (one record per camera per species per night) and 
279 temporal events (one record per hour per species per camera per night), considering 
transects and exploratory cameras; or 120 spatial and 143 temporal events when 
considering only transects. I found twice as many quolls than cats and five times more cats 
than dingoes. Moreover, dingoes are actively persecuted at Indee, where I only found one 
record. Therefore, I did not conduct all analyses involving dingoes at Indee. Additionally, I 
recorded foxes in two occasions at Indee and were not considered for the analyses.  
2.6.2 Spatial relationships between northern quolls and introduced predators 
I found mixed support for my predictions that cats avoid dingoes in space, and 
quolls avoid cats. I found that cats did not co-occur with dingoes overall (DOij = -0.40, CI95% 
: -0.78, -0.01) and at Millstream (DOij = -0.47, CI95% : -0.84, -0.15), but co-occurred at Indee 
(based on one dingo event: DOij = 0.45, CI95% : -0.19, 0.88).Quolls did not co-occur with 
cats overall (DOij = -0.31, CI95% : -0.61, -0.06) or when separated by site. However, the 
lack of association was much weaker at Millstream (DOij = -0.04, CI95% : -1, 0.53) than at 
Indee (DOij = -0.36, CI95% : -0.68, -0.14). Quolls did not co-occur with dingoes (DOij = = -1, 
CI95% : N/A, in all cases).  
2.6.3 Temporal patterns of sightings of northern quolls and introduced predators 
I obtained a total of 15 temporal events for dingoes, 69 for cats, and 193 for quolls. 
Of these, 33% of the pictures of dingoes were taken during the day, but only 7.2% of 
pictures of cats and none of those of quolls. Dingoes were active throughout the day, while 
cats and quolls were mostly nocturnal. The ANOVA for circular data revealed that there 
were significant differences in activity times among species (F (2, 276) = 1.17, p = 0.31). I 
found important overlap of activity between each pair of species. Overlap of activity 
between quolls and cats was high, with values > 78% in all cases, but 7% lower at Indee 
Station. Quolls had 59% overlap of activity with dingoes at Millstream. Overlap of activity 
between dingoes and cats was 64 % at Millstream. Although overlap of activity was high, 
activity peaks varied between species (Figure 2-2). Activity peaks of cats and quolls 
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overlapped extensively. Cats and quolls were most active when dingoes were less active 
during the evening. Considering the data on cats and dingoes in southern Millstream, I 
found a temporal overlap of 53% and a difference on activity peaks, where, within their 
nocturnal habits, cats were more active when dingoes were less active (Figure 2-2).  
 
 
2.6.4 Associations between predators and habitat structure 
My results support the predictions that cats are associated to open habitats 
(spinifex grasslands and recently burnt areas) while quolls are associated to rocky 
habitats. I found significant differences between these species’ habitat use overall (χ28,15 = 
Figure 2-2. Temporal overlap between pairs of species. a) overall overlap between quolls 
(continuous line) and cats (dotted line), b) overall overlap between dingoes (continuous line) 
and cats (dotted line), c) overall overlap between quolls (continuous line) and dingoes 
(dotted line), and d) overlap at the southern part of Millstream during trips when dingoes 
were recorded: dingoes (continuous line) and cats (dotted line). 
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59.09, p < 0.001) and when separated by site (χ28,15 = 44.38, p < 0.001; and χ
2
8,15
 = 40.03, 
p < 0.001, at Indee and Millstream, respectively). Post hoc analysis showed that cats and 
quolls exhibited inverse relationships in their habitat associations in all cases, with three 
exceptions evident when separated by site (Table 2-1). At Indee neither species showed a 
response to spinifex. At Millstream, quolls had a negative association with recently burnt 
and spinifex habitats, while cats did not show a response to these categories. Overall, cats 
were positively associated with recently burnt, shrubs (with spinifex, not dense), and 
spinifex habitats, while quolls were negatively related to them; and cats were negatively 
associated with rocky habitats while quolls were positively related to them. At Indee, cats 
were negatively associated to riparian habitats, while quolls were positively associated to 
them. Due to the small sample size, the findings of relationships between dingoes and 
habitat types are not very robust. In Millstream, dingoes were positively associated with 
recently burnt areas and spinifex, but negatively associated with rocky habitats.  
Table 2-1. Post hoc test of the relationships between species and habitats 
  Overall   Indee   Millstream 
 
cat dingo quoll 
 
cat dingo quoll 
 
cat dingo quoll 
Recently 
burnt 
+ + - 
 
+ 0 - 
 
0 + - 
Riparian 0 0 0 
 
- 0 + 
 
0 0 0 
Rocky - - + 
 
- 0 + 
 
- - + 
Shrubs + 0 - 
 
+ 0 - 
 
0 + 0 
Spinifex + 0 -   0 0 0   0 0 - 
 
2.6.5 Associations between species distribution and creek-lines  
The association between species and creek-lines varied. My predictions that quolls 
would be positively associated with creeks, and cats negatively associated with them, 
were upheld for the closest distance to river category. I found significant differences 
among species, whether the data were analysed by site (χ212,21 = 37.35, p = 1.96 x10
-4; 
χ210,18 = 46.79, < 0.001, at Indee and Millstream, respectively) or combined (χ
2
12,21 = 91.26, 
p < 0.001). Cats and dingoes had negative relationships with water up to 1 000 m, while 
quolls had a positive relationship with distance to water in the same category. The inverse 
relationship occurs with distance to water between 1 001 and 2 000 m, where cats and 
dingoes had a positive relationship to this category, while quolls had a negative one. The 
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species do not show association with the rest of the categories, with a few exceptions. 
Considering the overall data and at Indee, cats and quolls responded to the category of 
distance between 4 001 and 5 000 m, where cats showed a positive relationship while that 
of quolls was negative. In terms of terrain ruggedness, rocky outcrops were positively 
associated to rivers, showing more rugged features closer to rivers (ruggedness = 
3.8272195 - 0.0001417 dist to Rivers; Appendix A).  
2.7 DISCUSSION 
I predicted that cats would avoid dingoes and quolls would avoid cats in space, 
time, or both. My predictions held true, however, some of the interactions were weaker 
than anticipated, i.e. occurred at fine scale. This could be partially explained by the small 
number of dingoes recorded during my study, so my results involving dingoes need to be 
considered cautiously. I found strong temporal overlap between each pair of species. 
However, activity peaks of cats occurred when activity of dingoes was lowered. Each pair 
of species had negative co-occurrence values. Extreme negative co-occurrence between 
quolls and dingoes imply they occurred in different areas, suggesting that the temporal or 
spatial differences between them did not result from their interactions. I found that cats had 
negative co-occurrence with dingoes, while quolls had negative co-occurrence with cats in 
space at the fine camera scale but not at the transect scale, suggesting fine scale 
avoidance.  
Avoidance can be used to prevent interference predation, which occurs when a 
larger predator kills the smaller one to evade competition for the same resources, where 
predators with high diet overlap are at risk of interference predation. For example, Levi and 
Wilmers (2012) used interference predation to explain why wolves (Canis lupus) kill 
coyotes (Canis latrans) in Minnesota (USA). In Australia, Cupples et al. (2011) found 
extensive dietary overlap between dingoes and foxes (Pianka’s index > 0.84), and found 
evidence of dingoes killing foxes. There is also experimental evidence of dingoes killing 
cats (and foxes) resulting from interference predation (Moseby et al. 2012). And, cats have 
been documented killing quolls (Doherty et al. 2015a). Thus, it is expected that quolls 
would segregate from cats and cats from dingoes, as seen in my study; the fine scale of 
the latter might be related to the low numbers of dingoes I recorded. However, spatial 
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segregation could also result from the effects of environmental variables that are not 
picked up by the modified Dice’s index of co-occurrence, such as habitat use. 
I predicted that cats would show greater use of open habitats than rock outcrops, 
and quolls would show greater use of rock outcrop areas than open habitats. I found 
strong support for my prediction, with cats and quolls having inverse relationships on their 
habitat associations. Cats were positively associated to recently burnt areas, spinifex 
grasslands, and shrubs (with spinifex, not dense) and negatively associated with rocky 
habitats, while quolls were negatively associated to those open habitats and negatively 
associated to rocky ones. Hill and Ward (2010) suggested that the preference of northern 
quolls for rocky habitats may be due to the shelter provided from predators and to a higher 
number of microhabitats that allow higher prey availability, combined with higher 
abundance and predation success of cats in open habitats. Such suggestion comes after a 
documented northern quoll range contraction. Northern quolls used to be distributed in 
most terrestrial habitat types in northern Australia, including savannah grasslands, closed 
and open forests, riparian forests, rocky habitats, mangroves, near sugarcane farms, in 
urban areas, and even in mining areas (Braithwaite and Griffiths 1994; Cramer et al. 2016; 
Oakwood et al. 2016; Pollock 1999). However, quolls have disappeared from most of 
these in recent decades and now favour rocky habitats (Hill and Ward 2010), where their 
populations have higher densities than in neighbouring habitats, such as savannah 
grasslands, woodlands, and vine thickets (Braithwaite and Griffiths 1994; Schmitt et al. 
1989). Species habitat preferences can be altered depending on the level of perceived 
risk, including from larger predators. For example, in Tanzania, cheetahs (Acinonyx 
jubatus) favour heterogeneous habitats that provide refuges, allowing cheetahs to actively 
alter their spatio-temporal use of the landscape in response to changing densities of larger 
predators (Durant 1998; Edwards et al. 2015). At lower densities of larger predators, 
cheetahs avoided lions (Panthera leo) at a fine scale, but not hyenas (Crocuta crocuta), in 
contrast, at higher densities, cheetahs avoided both lions and hyenas (Durant 1998). And, 
when the risk is high, such as it seems in the case of cats to quolls in my study area, the 
presence of a larger predator can result in partial or complete shift in the habitat use of the 
smaller one. For example, reintroduced wolves caused a shift of habitat in coyotes (Arjo 
and Pletscher 1999). My results support the observations that cats occur in open habitats 
while quolls occur in rocky ones, representing one side of the puzzle suggested by Hill and 
Ward (2010), where rocky habitats provide refuge against predators.  
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It is noteworthy that I recorded quolls out of rocky habitats in shrubs and spinifex 
during the lead up to the mating season, but in different cameras or seasons than cats. 
There was one exception where a quoll was recorded two days after a cat in the same 
camera. These observations occurred at a time of heightened northern quoll activity, when 
males try to find as many females as possible to increase reproductive success (Oakwood 
2002). Such reproductive strategy has been reported for other dasyurids (Fisher et al. 
2013). My observations in other habitats suggest that quolls are not exclusively associated 
to rocky habitats, allowing dispersal and genetic interchange between populations. 
Accordingly, a genetic study of northern quolls found that individuals in the Pilbara belong 
to the same genetic population (How et al. 2009).  
The degree of spatial and temporal partitioning also depends on resource 
availability, such as that of free-water available in arid and semi-arid environments. I found 
mixed support for my prediction that dingoes and quolls would be positively associated to 
creek-lines, and cats would be negatively associated to them. Quolls, the smallest species 
in my system, were positively associated with distances closest to creek-lines, while 
dingoes and cats were negatively associated with them. Higher mobility of dingoes and 
cats and water intake through diet, along with availability of water pools not considered 
during this study, might explain the lack of association to the closest distance to rivers. 
Another explanation could be that these rivers are formed of water pools most of the year, 
some with unknown continuity throughout the year. Therefore, although free water might 
be a limiting factor in a semi-arid area like the Pilbara, I did not find evidence to support 
competition based on proximity to rivers. Other studies have shown resource sharing of a 
limiting resource, such as water, with partitioning in time rather than space. For example, a 
study of eight carnivores in Namibia (Edwards et al. 2015), and one of coyotes, bobcats 
(Lynx rufus), and grey foxes (Urocyon cinereoargenteus) in west Texas (Atwood et al. 
2011) showed that species shared water tanks through temporal partitioning. However, my 
results could also be explained by my supplementary analyses of the association between 
rocky habitats and rivers, where I detected higher terrain ruggedness (i.e. rockier habitats) 
closer to rivers (Appendix A), which has also been noted in the Pilbara by Cramer et al. 
(2016).  
I concluded that low densities of dingoes prevented them from fulfilling their role as 
top predators, although my results involving dingoes need to be considered cautiously due 
to the small number of camera trap detections of dingoes. Low numbers of dingoes may 
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be partly due to their large body size and the semi-arid environment (Carbone and 
Gittleman 2002). The role of dingoes as top predators may be particularly weak in my 
study area due to control practices at Indee Station (a cattle property) and around (but not 
in) Millstream-Chichester National Park. The area in which I detected the highest numbers 
of dingoes was the southwest border between Millstream and the only neighbour that does 
not bait, suggesting that control practices in the area are effective at removing dingoes. 
Top predators are widely persecuted throughout the world (Ripple et al. 2014b), leading to 
higher predation pressure on smaller species from mesopredators, that can result in 
extinction (Ripple et al. 2013). My findings of fine scale avoidance of dingoes by cats 
suggest that dingo control may have facilitated mesopredator release by affecting cat 
behaviour.  
Based on my limited observations, quolls and dingoes were spatially segregated. 
Dingoes elsewhere in Australia reportedly kill and eat northern quolls (Cramer et al. 2016; 
Oakwood 2000; Webb et al. 2015). However, if dingoes were restored in their role as top 
predators, my results and theory suggest that cat distribution (and abundance) would be 
reduced, potentially relieving some pressure and the associated risk that cats pose to 
quolls. For example, in western Pilbara, 25% of the radio-tracked quolls died (Morris et al. 
2015). Of those ten deaths, only two were predated by ‘canids’ (i.e. dingoes), while six 
were confirmed and two suspected cat predations (Morris et al. 2015). Cramer et al. 
(2016) suggested that the advantages of dingoes as top predators might “outweigh [their] 
impact” via direct predation of quolls. Like wolves in parts of the United States (Ripple et 
al. 2014a) and Europe (May et al. 2008), dingoes might re-establish their role as top 
predators to benefit native mammals that are threatened by cats (Letnic et al. 2012; 
Wallach et al. 2010). However, dingoes have been listed as major mortality factors in other 
landscapes such as the Northern Territory, especially in recently burnt areas (Webb et al. 
2015), therefore I warrant caution and further research on the impacts of dingoes on 
northern quoll populations. 
2.8 CONCLUSIONS 
Cats occurred in open habitats while quolls occurred in rocky ones. I did not find 
evidence to support that free water and its availability represent a limiting resource in my 
study area. I suggest that dingoes are not able to naturally control cat populations due to 
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persecution that weakens their role as top predators. Quolls and dingoes did not co-occur, 
thus I was not able to test for behavioural interactions between them. However, re-
establishing dingo populations as ecologically functioning top predators in the Pilbara 
might benefit quolls. Even with low levels of dingo predation on quolls, quolls might gain a 
net benefit if dingo control of cats alleviates the predation pressure of cats on quolls.  
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3 Do large marsupial carnivores affect the structure of their 
diverse community in a semi-arid zone? 
3.1 ABSTRACT 
Carnivorous mammals across the globe are particularly sensitive to landscape 
changes, and it is now rare to find intact communities of carnivores. The loss of the largest 
carnivores is having widespread detrimental effects on mammal communities, because top 
predators often influence the structure of entire ecosystems. The semi-arid Pilbara region 
of Western Australia has an exceptionally large number of sympatric carnivorous 
marsupials (dasyurids). My study region has escaped dasyurid species extinctions despite 
introduced species and habitat degradation, but the largest species (northern quolls 
(Dasyurus hallucatus) and brush-tailed mulgaras (Dasycercus blythi) are now patchily 
distributed across vegetation, fire age and substrate types. I aimed to test if these 
dasyurids influence community structure at a landscape scale. I determine if patterns of 
co-occurrence between dasyurids in varying habitats differ depending on the presence of 
the largest species. I used camera trapping to assess the associations among dasyurids in 
time and space in long-unburnt hummock grassland, shrubland, recently burnt, and rocky 
habitats. I conclude that quolls and mulgaras function as top predators within the dasyurid 
community where they occur, but habitat restrictions limit their role at the landscape scale. 
The commonest smaller species - kalutas (Dasykaluta rosamondae) and stripe-faced 
dunnarts (Sminthopsis macroura) - showed inverse relationships in their use of habitat. 
Kalutas dominated hummock grasslands, potentially suppressing or inhibiting the space 
use of smaller dasyurids; for example, stripe-faced dunnarts occurred in recently burnt 
areas where kalutas were absent. However, other landscape components such as 
resource availability and fire history may also have affected the habitaat associations of 
dasyurids in my system. Dasyurids monitored were nocturnal, except kalutas, which were 
active throught the day. My results show spatial partioning among dasyurids in the Pilbara, 
indicating that dasyurids are likely subject to top-down forces typical of larger predators. 
The relationships among the relatively small dasyurids resemble top-down associations 
observed in communities of Carnivora. 
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3.2 KEYWORDS  
Habitat partitioning, community structure, Dasyuridae, northern quoll, Dasyurus, 
Dasykaluta, Dasycercus, Sminthopsis 
3.3 INTRODUCTION 
About one quarter of carnivorous mammals throughout the world are threatened 
(Clements et al. 2014). Carnivores tend to have large home ranges, slow growth rates 
(Dalerum et al. 2009), and low densities (Carroll et al. 2001), and they therefore have low 
resilience to environmental change (Ripple et al. 2014b; Weaver et al. 1996). It is rare to 
find intact communities of carnivores throughout the world. The loss of carnivores can 
cause cascading effects that threaten whole ecosystems (Terborgh 2015) because large 
carnivores can influence communities of smaller carnivores and their prey (Ripple et al. 
2014b). Top-down pressures applied by larger predators on smaller ones include 
predation and competition (Glen and Dickman 2008), and inhibition due to fear of 
predation (Laundré et al. 2010). Such top-down pressures often result in shifts in habitat 
use or activity times, where smaller species change their behaviour and demography in 
the presence of larger ones (Chapter 2). One of the best studied cases of the effects of top 
predators on their communities is that of biodiversity changes in Yellowstone National 
Park, where wolves were persecuted to local extinction by the mid-1920s and were later 
reintroduced in 1995 (Beschta and Ripple 2016), allowing documentation of changes 
across the landscape. Wolf reintroduction led to changes in coyotes’ foraging behaviour 
(Switalski 2003) and resulted in a 50% reduction of coyote densities by 1998, although 
coyotes are still abundant (Merkle et al. 2009). Ripple et al. (2014b) noted that the 
negative cascading effects that follow the removal of large carnivores have been 
documented for 31 species of large carnivores, including lions (Panthera leo) and leopards 
(Panthera pardus) throughout their range, pumas (Puma concolor) in North America, gray 
wolves (Canis lupus) in western Europe and North America, and dingoes (Canis dingo) in 
Australia.  
On the Australian mainland, extant native mammalian predators are part of the 
insectivorous and carnivorous family Dasyuridae and range in size from ~3.5 g (Planigale 
spp.) to ~5000 g (spotted-tailed quoll –Dasyurus maculatus) (Van Dyck and Strahan 
2008). All four species of quolls (Dasyurus spp.) have declined in the last 200 years and 
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are now absent from many dasyurid communities. Larger species of dasyurids have been 
demonstrated to apply top-down pressures on smaller ones at several sites in Australia 
(Dickman 2014). For example, Dickman (1986a) and Dickman (1986b) studied the 
association between two Antechinus species using experimental enclosures where he 
removed one of the two species, later reintroducing the missing species to some 
enclosures. He found that the presence of the larger species (dusky antechinus, A. 
swainsonii) negatively affected the population density and resource use of the smaller one 
(brown antechinus, A. stuartii) due to competition (Dickman 1986b) and that the brown 
antechinus was more arboreal in the presence of dusky antechinuses (Dickman 1986a). 
Dickman (1988) studied three pairs of Australian dasyurids and found that the smaller 
species of each pair used larger prey and more productive areas in the absence of the 
larger one, suggesting that interactions were based on interference competition. In 
Tasmania, Jones and Barmuta studied Tasmanian devils, spotted-tailed quolls and 
eastern quolls (D. viverrinus) and assessed their diet overlap, relative abundance (Jones 
and Barmuta 1998) and niche differentiation (Jones and Barmuta 2000). They found that 
prey type was correlated with body size and that prey overlap between devils and male 
spotted-tailed quolls and between eastern quolls and female spotted-tailed quolls occurred 
at some times of the year, especially between spotted-tailed quolls and devils. Jones and 
Barmuta (2000) found evidence that devils lower the population densities of spotted-tailed 
quolls, despite a ‘pronounced’ vertical partitioning that allowed spotted-tailed quolls to 
exploit arboreal resources.  
 All extant genera of dasyurids on the mainland of Australia are found in Western 
Australia, and all but the most mesic-adapted (Antechinus and Phascogale) occur in the 
Pilbara region. The former range of the red-tailed phascogale (P. calura) overlapped with 
the southern Pilbara before the species became restricted to south west Western 
Australia, but the dasyurid community in my study region has apparently not lost any 
species in the last 200 years (Gibson and McKenzie 2009), despite habitat alteration and 
the presence of introduced predators (dingo, feral cat –Felis catus, and fox –Vulpes 
vulpes). The Pilbara is a semi-arid region dominated by pastoral land and mining areas 
(Pinder et al. 2010). It also includes national parks and indigenous tenure (Burbidge et al. 
2010). Human population density is very low (REMPLAN 2014). The biota of the Pilbara is 
little-studied (Cramer et al. 2016; McKenzie et al. 2009). I focused on the dasyurid 
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community at two sites in the Pilbara to investigate the associations among the species 
and habitat types.  
Northern quolls (Dasyurus hallucatus, ~600 g) are the top predators of the Pilbara 
dasyurid community. They consume smaller dasyurids at low frequency (Oakwood 1997), 
including the kaluta (Dasykaluta rosamondae) in my study area (Chapter 5). Northern 
quolls are the largest native mammalian predators throughout almost all of their current 
range, however they have experienced range contractions into rocky habitats in recent 
decades (Chapter 2; Hill and Ward 2010). I have shown that predation and / or a 
‘landscape of fear’ from feral cats is a likely cause of this restriction of quolls to rocky 
habitats in my study areas in the Pilbara (Chapter 2). Brush-tailed mulgaras (Dasycercus 
blythi, ~100 g) have been suggested to be top predators in the Simpson Desert of central 
Australia (Dickman 2006, 2014) and in the Pilbara (Pavey et al. 2016). However, the 
distribution of mulgaras is restricted by their substrate requirements. Mulgaras are 
associated with sandy substrates in hummock (spinifex) grasslands (Pavey et al. 2012; 
Van Dyck and Strahan 2008). Based on experimental exclusions in the Simpson Desert, 
mulgaras were found to be associated with higher dasyurid richness (five species where 
mulgaras were present, three where they were absent), suggesting that they act as 
keystone species (Dickman 2006, 2014). In an experiment, they used 1.5 ha fenced 
enclosures and unfenced controls to exclude mulgaras from experimental replicate areas. 
The absence of mulgaras caused up to an 80% increase in the abundance of lesser hairy-
footed dunnarts (Sminthopsis youngsoni), which ‘outcompeted’ smaller dasyurids, 
resulting in local extinctions of some species (Dickman 2006).  
My goal in this study was to determine whether northern quolls and brush-tailed 
mulgaras might influence community structure at a landscape scale. I characterise 
patterns of dasyurid species co-occurrence in one of the few regions of Australia where a 
diverse dasyurid guild remains intact. I analyse spatial and temporal associations among 
dasyurids across different habitat types in the Pilbara region, to determine whether these 
associations are consistent with quolls or mulgaras exerting an influence on the space use 
or species richness of smaller dasyurids. This community presents a unique opportunity to 
see whether the biggest predators still act like top predators, regardless of their smaller 
size when compared to predator communities of Carnivora. 
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3.4 METHODS 
3.4.1 Study area 
I used two sites in the tropical semi-arid Pilbara region of Western Australia: 
Millstream-Chichester National Park (Millstream, E 117°14’19’’ and S 21°20’1’’) and Indee 
Station (Indee, 118°35’12’’ and S 20° 52’41’’). Millstream is a National Park established in 
1982, and Indee is a cattle station with mining and tourism activities. Both sites are mostly 
covered by spinifex (Triodia sp.) grasslands, but also have perennial and intermittent rivers 
and water pools bordered by riparian habitats and have some shrublands and woodlands 
dominated by Acacia species. They both have rocky sections. Millstream has mountain 
ranges that form rugged rocky habitats, while Indee has scattered rock formations and hills 
that allow rocky habitats of different ruggedness levels. Indee also has some spinifex 
grasslands on a sandy substrate.  
3.4.2 The dasyurids of the Pilbara  
3.4.2.1 Northern quoll 
Northern quolls exhibit sexual dimorphism; males (270 to 370 mm, 340 to 1120 g) 
are larger than females (249 to 310 mm, 240 to 690 g, Figure 3-1) (Van Dyck and Strahan 
2008). They are solitary and nocturnal (Hill and Ward 2010). They inhabit a wide variety of 
habitat types including rocky areas, woodlands and rainforest (Hill and Ward 2010; Van 
Dyck and Strahan 2008). Northern quolls are nationally and internationally listed as 
endangered (Hill and Ward 2010). Northern quolls are opportunistic feeders, eating a wide 
variety of food items including arthropods (mostly insects), small vertebrates (reptiles, 
mammals, birds, or anuran), but also fruit (Chapter 5; Hill and Ward 2010; Van Dyck and 
Strahan 2008) 
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Figure 3-1. Northern quoll. Image from Van Dyck and Strahan (2008, p 57) 
 
3.4.2.2 Brush-tailed mulgara  
Brush-tailed mulgaras exhibit sexual dimorphism; males (135 to 165 mm, 75 to 110 
g) are larger than females (120 to 140 mm, 60 to 90 g, Figure 3-2) (Van Dyck and Strahan 
2008). They are solitary and occur across arid and semi-arid deserts of central and 
western Australia from western Queensland to central Western Australia (Pavey et al. 
2012), inhabiting sand dunes (central Australia) and spinifex sand plains (Pavey et al. 
2012; Van Dyck and Strahan 2008). Home range estimates based on six males and three 
females monitored between six and 55 days were 25.5 ± 8.4 ha for males and 10.8 ± 4.0 
ha for females (MCP 100%) at Uluru (Körtner et al. 2007), while home ranges (MCP 90%) 
for seven males and 11 females (15 to 40 locations per individual) collected over three 
months were 8.1 ± 4.7 ha for males and 4.7 ± 3.7 ha for females in a different study at 
Uluru and the Tanami Desert (Masters 2003). Mulgaras are flexible in their feeding habits, 
feeding on arthropods (mostly insects) and small vertebrates (Van Dyck and Strahan 
2008). They eat insects and small vertebrates, including smaller dasyurids such as 
dunnarts (Chen et al. 1998; Dickman 2006, 2014; Masters and Dickman 2012; Pavey et al. 
2009; Van Dyck and Strahan 2008). They are listed as a species of ‘least concern’ under 
the IUCN Red List, as ‘vulnerable’ under the national EPBC (Environment Protection and 
Biodiversity Conservation) Act, and as a ‘Schedule 1’ (‘fauna that is rare or likely to 
become extinct’) threatened fauna species in Western Australia (Wildlife 2016).  
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Figure 3-2. Brush-tailed mulgara. Image from Van Dyck and Strahan (2008, p 47) 
3.4.2.3 Kaluta  
Kalutas are endemic to the Pilbara (Figure 3-3) (Van Dyck and Strahan 2008). They 
eat several classes of invertebrates, mostly insects, and some (2.1%) small vertebrates 
(Pavey et al. 2016). Males are between 95 and 110 mm with a mass between 25 and 40 g, 
and females measure between 90 and 100 mm with a mass between 20 and 30 g (Van 
Dyck and Strahan 2008). Körtner et al. (2010) did not find a statistical difference in body 
size between the sexes, and reported an average weight of 26.9 g. Kalutas can be active 
during the day, especially in winter (Körtner et al. 2010; Pavey et al. 2016). They show 
high site fidelity, have home ranges that overlap extensively and are of similar size for the 
two sexes (Kernel 90%, based on ~20 days, 1.3 ± 0.5 ha for males and 1.1± 0.6 ha for 
females) and can use the same burrow for up to 16 days (Körtner et al. 2010).  
 
Figure 3-3. Kaluta. Image from Van Dyck and Strahan (2008, p 51) 
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3.4.2.4 Stripe-faced dunnart (Sminthopsis macroura) 
The stripe-faced dunnart is a wide ranging species that inhabits arid and semi-arid 
areas in a wide variety of habitat types including shrub-lands, grasslands (tussock and 
spinifex), open salt lakes and shrubby-rocky ridges, but occurs at the highest population 
levels in shrublands and tussock grasslands with sparse or absent livestock (Figure 3-4) 
(Van Dyck and Strahan 2008). They measure between 70 and 100 mm, with a mass of 15 
to 25 g and feeds on invertebrates (except ants) and rarely on small vertebrates (Van Dyck 
and Strahan 2008). They are highly mobile and can move up to two kilometres in one night 
(Van Dyck and Strahan 2008).  
 
Figure 3-4. Stripe-faced dunnart. Image from Van Dyck and Strahan (2008, p 151) 
 
3.4.2.5 Long-tailed dunnart (Sminthopsis longicaudata) 
The long-tailed dunnart occurs across northern Western Australia and into a small 
portion of the Northern Territory (Figure 3-5) (Van Dyck and Strahan 2008). It is a rock 
specialist (Freeland et al. 1988; Van Dyck and Strahan 2008), although it has also been 
recorded in sandy gravel soil with Acacia shrubs (Van Dyck and Strahan 2008). It 
measures between 80 and 100 mm and has a mass of 15 to 25 g and feeds on 
arthropods, mostly insects (Van Dyck and Strahan 2008).  
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Figure 3-5. Long-tailed dunnart. Image from Van Dyck and Strahan (2008, p 149) 
 
3.4.2.6 Ooldea dunnart (Sminthopsis ooldea) 
The Ooldea dunnart occurs in Western Australia including a small portion of the 
Pilbara, South Australia and the Northern Territory where it inhabits Acacia shrublands and 
woodlands with tussock grass (Figure 3-6) (Van Dyck and Strahan 2008). This species 
measures 55 to 85 mm and has a mass of 8 to 17 g, with averages of 72 mm and 11 g for 
both males and females (Van Dyck and Strahan 2008). In captivity, Ooldea dunnart feeds 
on invertebrates such as beetles, grasshoppers, and spiders (Van Dyck and Strahan 
2008). 
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Figure 3-6. Ooldea dunnart. Image from Van Dyck and Strahan (2008, p 155) 
 
3.4.2.7 Lesser hairy-footed dunnart  
The lesser hairy-footed dunnart is distributed along the subtropical arid regions of 
Australia (Figure 3-7) (Van Dyck and Strahan 2008). It is a common species associated 
with sand dunes, desert sand plains and Acacia shrublands with tussock grasslands (Van 
Dyck and Strahan 2008). It is the smallest of the dunnarts in the Pilbara. It does not exhibit 
sexual dimorphism, measures 66 to 71 mm with a mass between 8.5 and 12 g, and feeds 
on invertebrates (Van Dyck and Strahan 2008).  
 
Figure 3-7. Lesser hairy-footed dunnart. Image from Van Dyck and Strahan (2008, p 161) 
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3.4.2.8 Rory’s pseudantechinus (Pseudantechinus roryi) 
P. roryi is endemic to Western Australia, around the Pilbara and neighbouring eco-
regions (Figure 3-8) (Van Dyck and Strahan 2008). It inhabits low woodlands, spinifex 
sandplains, and granite rocks and tors (Van Dyck and Strahan 2008). Individuals measure 
77 to 90 mm and have a mass between 17 and 32 g (Van Dyck and Strahan 2008). P. 
roryi was recently separated from its sister species fat-tailed pseudoantechinus (P. 
macdonnellensis) (Van Dyck and Strahan 2008). Although the diet of P. roryi specifically is 
unknown, P. macdonnellensis is known to base its diet on insects, but also consume other 
arthropods (e.g. arachnids), molluscs (snails), and small vertebrates (Van Dyck and 
Strahan 2008). 
 
Figure 3-8. Rory’s pseudantechinus. Image from Van Dyck and Strahan (2008, p 75) 
 
3.4.2.9 Woolley’s pseudantechinus (Pseudantechinus woolleyae) 
P. woolleyae is endemic to Western Australia, around the Pilbara and extending to 
southern eco-regions (Figure 3-9) (Van Dyck and Strahan 2008). It inhabits rocky habitats 
(Van Dyck and Strahan 2008). Based on limited information available for the species, 
females have been recorded to be larger than males. Individuals measure 75 to 85 mm 
and have a mass between 30 and 50 g (Van Dyck and Strahan 2008). There is little 
information about this species (Van Dyck and Strahan 2008). However, like P. roryi, it is 
likely to have a diet similar to other species of the genus, being mostly insectivorous. 
79 
 
 
Figure 3-9. Woolley’s pseudantechinus. Image from Van Dyck and Strahan (2008, p 77) 
 
3.4.2.10 Pilbara ningaui (Ningaui timealeyi) 
 N. timealeyi is endemic to the Pilbara (Figure 3-10) (Van Dyck and Strahan 2008). 
During the day, it finds refuge in spinifex grasslands, but at night it will search for prey in 
more open spaces (Van Dyck and Strahan 2008). It measures 56 to 76 mm and has a 
mass between 3.5 and 9.5 g (Van Dyck and Strahan 2008).  
 
Figure 3-10. Pilbara ningaui. Image from Van Dyck and Strahan (2008, p 119) 
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3.4.2.11 Planigales (Planigale spp.) 
There are at least two undescribed species of Planigale in the Pilbara (Figure 3-11) 
(Gibson and McKenzie 2009). The common planigale (P. maculate) measures 60 to 84 
mm with a mass between 3.5 and 16.3 g and, in captivity, feeds on insects, small skinks, 
and carrion (Van Dyck and Strahan 2008).  
 
Figure 3-11. Common planigale. Image from Van Dyck and Strahan (2008, p 112) 
 
3.4.3 Field methods 
Using sardines in olive oil, I baited 50 camera-trap stations per site. The camera 
stations were arranged in transects of 10 cameras (Reconyx RapidfireTM models with 
infrared flash: HC500 and PC900) in different habitat types. Transects were separated by 
a straight line distance of at least 1.6 km, but up to 16 km. Within each transect, the 
cameras were separated by 250 m and monitored for five nights over the course of each of 
five field trips (April-May 2014, June-July 2014, September-October 2014, April 2015, and 
June 2015). Cameras were set facing straight outwards, in a direction where there was 
least vegetation and debris which could trigger the camera when windy. The cameras 
were set to take five pictures at a speed of one picture per second each time they were 
triggered. For each camera station, I recorded geographic coordinates and habitat types. 
Habitats were described by the dominant vegetation. Habitats available included recently 
burnt areas, rocky habitats, shrubs, spinifex grasslands, and riparian areas. (Detailed field 
methods for camera trapping in Chapter 2). 
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3.4.4 Species identification 
Species were identified using species accounts in ‘The Mammals of Australia’ (Van 
Dyck and Strahan 2008). When in doubt, I consulted further arid zone small mammal 
experts. I documented genus, species, time, date, and temperature. I used one record per 
camera per species per hour to construct a ‘temporal dataset’. Thus, when the same 
camera was triggered on multiple occasions by the same species within the same hour, I 
only included the first event in this dataset. Of those, I removed multiple records of the 
same species on the same camera on the same day to create a ‘spatial dataset’, which 
included only one record per camera per species per 24-hour day. Given that most 
species were nocturnal, I set 13:00 hrs as the break of the new day. That is, if a record 
was taken at 21:00 on the first of July and at 2:00 on the second of July, it was only 
counted once.  
3.4.5 Statistical analyses 
3.4.5.1.1 Spatial co-occurrence of species 
All statistical analyses were conducted using RStudio (RStudioTeam 2015), unless 
specified. To determine how dasyurids were associated in space, I calculated co-
occurrence based on a modified Dice’s index (Pollock et al. 2014), using my spatial 
dataset. I first calculated the frequency of occurrence of each species on each camera 
using the spatial dataset. Then I calculated the modified Dice’s index, using the package 
‘Picante’ in R (Kembel et al. 2015). I calculated co-occurrence for each site separately and 
for sites combined. Positive values suggest co-occurrence of species, zero suggests 
independence, and negative values suggest spatial segregation.  
3.4.5.1.2 Habitat associations of species 
Based on the spatial dataset, I considered the habitat types recorded for each 
camera to assess habitat associations of the dasyurids recorded (dunnarts, kalutas, and 
mulgaras), except for northern quolls, whose habitat associations are described in Chapter 
2. I estimated associations among species using χ2 and its associated post-hoc tests 
based on a contingency table. The degrees of freedom for χ2 are calculated based as the 
number of rows of the contingency table minus one multiplied the number of columns 
minus one. I used the package ‘Polytomous’ in R (Arppe 2013) to conduct post-hoc tests. I 
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used the post-hoc sign residuals to establish the association of each species with each 
habitat as positive, neutral, or negative. I did an overall analysis as well as separate 
analyses for each study site.  
3.4.5.1.3 Temporal associations among dasyurid species 
Based on temporal events, I used rose diagrams and a circular ANOVA from the 
package ‘Circular’ for R (Lund and Agostinelli 2013) to calculate the time of the day when 
each species was most active, and test whether these differed between species. As a 
post-hoc analysis, I then used the package ‘Overlap’ in R (Meredith and Ridout 2014) to 
determine the degrees of temporal differences in activity among species, as percentages. 
For higher statistical robustness, I combined data across sites. I conducted temporal 
analyses for the dasyurids recorded except for northern quolls, which are described in 
Chapter 2. 
3.4.5.1.4 Fine-scale spatial associations among dasyurid species 
I explore fine-scale associations among species by presenting the numbers of times 
that multiple species were caught on camera traps at the same location, and, in such 
cases, whether they were photographed on the same or different days. 
3.5 RESULTS 
I successfully monitored 2,466 camera-nights, and recorded 305 temporal events 
and 195 spatial events (one per camera per species per night) for dasyurid species (Table 
3-1). Non-dasyurid captures were considered non-target during this study, and are 
discussed in Chapter 2 (introduced predators) and Chapter 5 (those considered potential 
prey). Kalutas were recorded most frequently, followed by northern quolls, stripe-faced 
dunnarts, mulgaras, and two unidentified dasyurids, which were only partly visible in the 
photographs. The success rate was 0.12 dasyurids per night for temporal events. I only 
analysed data from kalutas, northern quolls (some analyses), stripe-faced dunnarts 
(referred to as dunnarts from here on) and mulgaras. I suggest interpreting my results 
involving mulgaras cautiously, given the small sample size.  
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Table 3-1. Numbers of temporal events per species per site. Numbers in parentheses show spatial 
events. Sampling effort: 1,235 camera-nights at Indee and 1,231 camera-nights at Millstream. 
  Indee Millstream Total 
Kaluta 142 (91) 57 (32) 199 (123) 
Northern quoll 62 (42) 4 (4) 66 (46) 
Stripe-faced dunnart 15 (11) 15 (9) 28 (18) 
Brush-tailed mulgara 8 (6) 0 8 (6) 
Dasyurid not identified 0 2 (2) 2 (2) 
Total 227 (150) 78 (47) 305 (197) 
 
3.5.1.1 Co-occurrence 
All pairs of species showed negative co-occurrence, except for mulgaras, which had 
positive co-occurrence with dunnarts and kalutas (Table 3-2). Quolls showed complete 
spatial segregation from mulgaras at Indee and dunnarts and kalutas at Millstream (Dice’s 
index = -1). Dunnarts and kalutas showed negative co-occurrence at both sites and when 
the sites were combined, as did dunnarts and quolls and kalutas and quolls overall and at 
Millstream (Table 3-2). 
 
Table 3-2. Modified Dice's indices of co-occurrence of each pair of species found in two sites in the 
Pilbara. 
    Mulgara Dunnart Kaluta 
Sites 
combined 
Dunnart 1.41 
  
Kaluta 0.56 -0.43 
 
Quoll -1.00 -0.75 -0.51 
     
Indee 
Dunnart 1.64 
  
Kaluta 0.54 -0.34 
 
Quoll -1.00 -0.67 -0.42 
     
Millstream Dunnart 
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Kaluta 
 
-0.60 
 
Quoll   -1.00 -1.00 
 
3.5.1.2 Habitat associations 
To interpret patterns of co-occurrence, I also assessed habitat associations of 
dunnarts, kalutas, and mulgaras (Table 3-3). Dunnarts occurred in recently burnt areas 
and in those dominated by spinifex and by shrubs. Kalutas inhabited recently burnt areas, 
rocky habitats, shrubs, and spinifex, but did not occur in shrubs at Millstream. Mulgaras 
occurred in shrubs and spinifex, but only at Indee Station. These differences in habitat 
associations among species were significant overall (χ26,15 = 38.5, p < 0.001) and at Indee 
(χ26,15 = 63.71, p < 0.001), but not at Millstream (χ
2
2,6 
 = 4.24, p = 0.12). Post-hoc analysis 
for the sites combined and for Indee showed that kalutas and dunnarts had inverse 
relationships in their habitat associations (Table 3-3). Kalutas showed a positive 
association with long unburnt spinifex grasslands (called spinifex from here on), while 
dunnarts had a negative association with spinifex and a positive one with recently burnt 
areas. Mulgaras did not show associations with any particular habitat. Dunnarts, kalutas, 
and mulgaras were not recorded in riparian areas. 
Table 3-3. Habitat associations of dasyurids in the Pilbara. Signs indicate a positive or negative 
deviation from the expected observations, as calculated by post-hoc analyses of significant χ2 
tests.  
  Sites combined   Indee 
 
Dunnart Kaluta Mulgara 
 
Dunnart Kaluta Mulgara 
Recently 
burnt 
+ - 0 
 
+ - 0 
Rocky 0 0 0 
 
0 0 0 
Shrubs 0 0 0 
 
0 0 0 
Spinifex - + 0  - + 0 
 
3.5.1.3 Temporal associations among dasyurid species 
The rose diagrams for temporal events showed that mulgaras and dunnarts were 
nocturnal (Figure 3-12). Kalutas were active throughout the day and night, but mostly 
during crepuscular hours (Figure 3-12). Similarities of activity periods between mulgaras, 
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dunnarts, and northern quolls (Chapter 2) resulted in high overlaps of activity (overlap > 
0.69) among each pair of species (Table 3-4). The differences in activity times resulted in 
low temporal overlaps between kalutas (active throughout the day) and the other 
(nocturnal) species (dunnarts, quolls, and mulgaras) (Table 3-4).  
 
Figure 3-12. Rose diagrams of time of activity per species: a) mulgara, b) dunnart, and c) kaluta. 
 
Table 3-4. Temporal overlaps between pairs of species estimated using the package ‘Overlap’ in R 
to determine differences in activity between them.  
 
Overlap 
Quoll vs. kaluta 0.346 
Quoll vs. mulgara 0.716 
Quoll vs. dunnart 0.914 
Kaluta vs. mulgara 0.225 
Kaluta vs. dunnart 0.349 
Mulgara vs. dunnart 0.696 
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3.5.1.4 Fine-scale associations among dasyurids 
I recorded dasyurids on 53 of the 100 cameras monitored (50 per site). I recorded 
kalutas at the most sites (n = 34 cameras), followed by quolls (n = 19), then by stripe-faced 
dunnarts (n = 12), and mulgaras (n = 4). Multiple dasyurid species were recorded on 13 
cameras, with three species (dunnart, kaluta, and mulgara) on two cameras at Indee and 
two species on 11 cameras. I recorded quolls and kalutas on six cameras (four at Indee 
and two at Millstream), and quolls and dunnarts on one camera at Indee. Apart from the 
cameras where three species were found, I recorded kalutas and dunnarts on two 
cameras (one at Indee and one at Millstream), and kalutas and mulgaras on two cameras 
at Indee.  
In the cases where two or more species occurred on the same camera, kalutas, 
mulgaras, and dunnarts were recorded on different trips with three exceptions. A kaluta 
and a dunnart were recorded on consecutive days on one occasion. Kalutas and mulgaras 
were twice seen on the same camera on the same days, but at different times (kalutas in 
the morning and mulgaras at night). Four of the six cases when quolls and kalutas were 
seen on the same camera occurred on the same trip but different days, with one exception 
(kaluta recorded at 14:43 hrs and quoll at 17:55 hrs of the same day).  
3.6 DISCUSSION  
3.6.1 Dasyurid community and associations among species 
I recorded northern quolls, brush-tailed mulgaras, kalutas, and stripe-faced 
dunnarts using camera traps. I examined the influence of quolls and mulgaras as top 
predators by quantifying the spatial and temporal partitioning of these and smaller 
predators (kalutas and dunnarts). Quolls in my study area were negatively associated with 
recently burnt areas, shrubs, and spinifex and positively associated with rocky habitats 
(Chapter 2). The inverse pattern occurred in dunnarts, which were recorded more often in 
recently burnt areas and shrubs, and in kalutas, which occurred in spinifex grassland. 
Although mulgaras co-occurred with kalutas and dunnarts, they showed fine-scale spatio-
temporal segregation with those species. Fine-scale analyses between top-predators and 
smaller ones showed that when they occurred on the same camera, there was temporal 
partitioning (they were recorded at different days or times of day). Differences in activity 
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times were most evident for kalutas. When larger predators and kalutas were recorded on 
the same camera on the same day, kalutas were recorded during the day and the larger 
predators at night (with the lowest temporal overlap of 0.22 between kalutas and 
mulgaras). Temporal partitioning of resources among predator species has been 
previously documented in Carnivora, where the smaller species usually avoids the larger 
ones by being active at less productive times that pose less risk of encounters with top 
predators. For example, in Texas, Atwood et al. (2011) found that grey foxes (Urocyon 
cinereoargenteus) avoided coyotes (Canis latrans) and bobcats (Lynx rufus) by taking less 
than ideal time-slots to visit the water tanks monitored. In the Iberian Peninsula of Portugal 
and Spain, Monterroso et al. (2014) studied the associations among seven 
mesocarnivores (1 to 7 kg) and the Iberian lynx (Lynx pardinus), and noted that temporal 
partitioning allowed coexistence among them. In southwest Namibia, Edwards et al. (2015) 
studied a system of 11 carnivores ranging from the honey badger (Mellivora capensis) to 
the leopard (Panthera pardus) and found spatial partitioning between three pairs of 
species, no partitioning between low density species, but temporal partitioning in 17 pairs, 
with smaller species avoiding larger ones.  
Low numbers or the absence of the two larger native mammalian predators in some 
habitats in my study could potentially explain the high number of records of intermediate-
sized dasyurids such as kalutas in these areas (n = 123). I obtained few records of 
mulgaras (n = 6), probably because they are sandy substrate specialists, and this 
substrate is limited at my sites. Although I obtained many records of northern quolls (n = 
46), they were restricted to rocky habitats (Chapter 2). Much higher numbers of kalutas 
compared to the smaller dunnarts (and potentially ningauis and planigales, which I did not 
detect, although they were detected in another concurrent study, see species detection 
section below) is consistent with, findings by Dickman (2006), who noted that medium-
sized species suppressed the smallest species in the dasyurid community of the sandy 
Simpson Desert of western Queensland. He monitored three fenced plots where he 
excluded mulgaras, three fenced plots with holes that allowed movements of all dasyurids, 
and three unfenced plots for 20 months. He found that after a year without mulgaras, the 
lesser hairy-footed dunnart, which is an intermediate sized species, became dominant and 
increased its abundance by up to 80% in treatment plots, while smaller dasyurids (Ningaui 
ridei and Planigale spp.) were driven to local extinction (Dickman 2006).    
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Large carnivores can exclude smaller ones from certain habitats, or steal kills made 
by another species (Donadio and Buskirk 2006). The removal of larger (top) predators, 
and thus of their direct or indirect regulatory pressures on smaller predators, can increase 
abundance of the next largest species. Regulatory pressures include competition, killing, 
or a combination. The lesser hairy-footed dunnart apparently outcompeted the smaller 
dasyurid species in the above study by Dickman (2006). Killing can result from predation, 
interference competition, or intraguild predation (St-Pierre et al. 2006). Predation occurs 
when a larger predator views a smaller one as prey (St-Pierre et al. 2006). Interference 
competition occurs when a larger predator kills a smaller one to avoid competition (St-
Pierre et al. 2006). Intraguild predation occurs when a predator kills another and gains 
food while reducing competition (St-Pierre et al. 2006). As a result of these risks, smaller 
predators exhibit predation risk avoidance behaviours that are common in predator-prey 
systems. Dickman (2014) suggested that mulgaras might control lesser hairy-footed 
dunnarts through fear of predation based on olfactory cues. In Botswana, Broekhuis et al. 
(2013) GPS-tracked six cheetahs (Acinonyx jubatus), five lions (Panthera leo), and eight 
hyenas (Crocuta crocuta) from different groups. The authors concluded that the habitat 
use of cheetahs was influenced by prey availability but modified at a finer scale by 
predation risk based on visual and auditory cues, with lions representing a greater threat 
than hyenas (Broekhuis et al. 2013). In northern Australia, at Kakadu National Park, 
Cremona et al. (2014) assessed the responses of the Arnhem rock rat (Zyzomys maini) 
and common rock rat (Zyzomys argurus) to dingoes and northern quolls using giving-up 
density experiments and found that rock rats used olfactory cues to avoid northern quolls 
more than they avoided dingoes. They suggest that dingoes are less of a threat to rock 
rats than northern quolls because dingoes prefer larger prey. Ultimately, Laundré et al. 
(2010) suggests that predation risk occurs in a ‘three dimensional landscape’ that is 
related to habitat heterogeneity, where peaks are represented by high risk areas and 
valleys are represented by predator-free (i.e. risk-free) areas. However, predation risk is 
not the only pressure affecting the dasyurid community of the Pilbara.  
Other landscape features such as fire history and the availability of resources might 
also affect the spatial and temporal distribution of the dasyurid species in my community 
and the frequency at which each is detected. Arid areas such as the Pilbara are prone to 
fire and subject to resource pulses that are directly related to rainfall events. Fire can occur 
naturally or as part of traditional fire management and prescribed burning as a measure to 
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reduce fire intensity. This results in fire patches of varied ages and succession stages. 
Habitat characteristics at those different stages can attract or sustain different species 
assemblages, even if an area at early successional stages is not able to contribute to the 
persistence of species (Letnic and Dickman 2005). One reason why recently burnt areas 
cannot contribute to long-term persistence of species is that these areas are subject to 
stronger predation pressures by introduced predators. For example, in the Kimberley 
region of Western Australia, video cameras attached to cat collars have shown that feral 
cats had higher hunting success rates in open habitats, and 28% of their prey were 
uneaten (surplus killing) (McGregor et al. 2015). In their study, open habitats were areas 
with < 10 cm of grass, which included recently burnt areas and heavily grazed areas 
(McGregor et al. 2014), comparable to my recently burnt areas. Another landscape-scale 
influence in arid or semi-arid environments is rainfall. In the Simpson Desert, Letnic and 
Dickman (2005) examined differences in trapping rates and species trapped in patches of 
different fire ages and long-unburnt patches for two years and found that species richness 
and abundance were more related to rainfall than to fire age. In arid environments, some 
species might fluctuate in synchrony with rainfall, peaking after pulses of plant growth and 
therefore arthropod availability (Letnic et al. 2011). Such bottom-up enrichment of 
resources could be associated with higher frequencies of records among dasyurid species 
in my study.  
3.6.2 Daily activity schedules  
In this study, quolls, mulgaras, and dunnarts were nocturnal, as has been 
previously reported (Van Dyck and Strahan 2008). Kalutas were active throughout the day 
and had crepuscular activity peaks (Figure 3-12). Kalutas were previously thought to be 
nocturnal (Van Dyck and Strahan 2008), but have been recently reported to be mostly 
diurnal during winter (Körtner et al. 2010; Pavey et al. 2016). Pavey et al. (2016) did not 
assess summer activity times, but noted that diurnal activities of kalutas in winter might 
help them to avoid predation by or competition with mulgaras, and that their foraging under 
cover of prickly spinifex might protect them against diurnal predators. Flexibility of activity 
periods throughout the day may enable coexisting predators to avoid competition 
(Monterroso et al. 2014). Pavey et al. (2016) offered an alternative hypothesis: that activity 
time varies with energetic demands, so temporal flexibility of kalutas helps them to avoid 
unnecessary energy expenditure during cooler months. While the fine-scale avoidance 
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documented during my study is consistent with the predator hypothesis, mulgaras were 
absent at Millstream and were not widespread at Indee, yet the diurnal habits of kalutas 
occurred across the landscape. Avoidance of larger predators is therefore unlikely to be 
the main reason for diurnal activity of kalutas. Kalutas occurred in habitats used by cats 
(which are mostly nocturnal, but active during crepuscular hours) and dingoes (active 
throughout the day, but virtually absent) in the study area (Chapter 2), so pressure from 
introduced predators is also unlikely to explain such marked temporal habits of kalutas. 
Kalutas were mostly active during the day in winter (June; 65 diurnal and 8 nocturnal 
records), and also diurnally active but to a lesser degree in autumn (April; 31 diurnal and 
10 nocturnal records), but were mostly nocturnal in spring (September; 34 diurnal and 51 
nocturnal records). Consistent with the hypothesis reported by Pavey et al. (2016), kalutas 
have been reported to undergo torpor at night, when more energy could be saved 
compared to diurnal torpor (Körtner et al. 2010). 
3.6.3 Species detection  
Although the species I found represent most of the genera of dasyurids present in 
the Pilbara, previous trapping has detected other genera. During a biodiversity survey of 
the Pilbara conducted between 2002 and 2007, Gibson and McKenzie (2009) recorded 
both Planigale (of two unknown species, ~3.5 to 20 g) and Pilbara ningaui (3.5 to 9.5 g) at 
Millstream. Museum specimens of Woolley’s pseudantechinus were collected between 
1985 and 2009 at Millstream. Pilbara ningaui and Planigale spp, but not Woolley’s 
pseudantechinus, were recorded in a concurrent study in another part of Millstream 
(Genevieve Hayes personal communication). These species were not recorded in cage 
traps that I placed in rocky habitats in my study areas (Chapter 4), suggesting that it is 
uncommon or not currently present in my sites. In 2008, Pavey et al. (2016) found 
mulgaras, kalutas, and lesser hairy-footed dunnarts near Port Hedland, which is close to 
my Indee study site. The hairy-footed dunnart is considered common, with a geographic 
range that does not include Millstream (Van Dyck and Strahan 2008). Other dasyurids 
reported for the Pilbara include the long-tailed dunnart, Ooldea dunnart, and Rory’s 
pseudantechinus (Gibson and McKenzie 2009). These are considered to be ‘rare’ or 
‘sparse’ arid zone species (Van Dyck and Strahan 2008) that may not have occurred at my 
sites.  
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I found that camera traps baited with sardines were adequate to monitor a wide 
range of dasyurid species (15 to 1120 g), but these may have failed to detect the smallest 
(3.5 to 20 g), which may rarely venture far from the shelter of hummocks. Different 
trapping techniques target particular body mass ranges. For example in Tasmania, Jones 
and Barmuta (2000) used wire cages to sample larger dasyurids including devils, spotted-
tailed quolls, and eastern quolls. In the Pilbara, Pavey et al. (2016) used Elliott traps and 
sampled dasyurid species of intermediate mass (10 to 110 g). To target small to 
intermediate species in the arid zone, researchers often use pitfall traps (e.g., 
Haythornthwaite and Dickman (2006) in western Queensland and Gibson and McKenzie 
(2009) in the Pilbara). Pitfall traps have been reported as the only reliable method for 
monitoring some of the smallest species, such as members of Ningaui (Dickman et al. 
2001). In fieldwork conducted between 2013 and 2014 at Millstream, Planigale sp. and 
Pilbara ningaui were captured in spinifex grasslands using Elliott traps and pitfall trapping, 
but neither Planigale or Ningaui were recorded by camera traps baited with peanut butter 
and paired with some of the Elliott traps (Genevieve Hayes personal communication). 
Clarity of species’ characteristics can also be an issue in camera trapping samples. For 
example, my cameras used infrared light on night mode (black and white pictures), 
potentially resulting in the underestimation of some species, especially rodents that could 
not be identified (Hernandez-Santin unpublished data). One way to improve my methods 
would be to use horizontally positioned, set focal distance cameras with a white flash to 
provide sharp coloured pictures at night (Glen et al. 2013; Meek and Vernes 2016).  
3.6.3.1 Conclusions  
Although there might be landscape features that contribute to shaping the 
community structure of dasyurids in the Pilbara, I found evidence suggesting spatial 
partititoning among these species. Thus, the distribution and abundance of dasyurids is 
likely to be affected by top-down pressures, and kalutas may suppress smaller dasyurids 
such as stripe-faced dunnarts. The largest dasyurids (northern quoll and brush-tailed 
mulgara) do not function as top predators across the whole landscape, because they have 
restricted habitats; quolls are now restricted to rocky habitats and mulgaras were only 
seen on sandy substrates. I found that, regardless of their relatively smaller size, the 
associations among dasyurids resemble the top-down associations observed in other 
communities dealing with relatively larger species, such as those in Carnivora.  
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4 Demography of the northern quoll in the most arid part of its 
range  
4.1 ABSTRACT 
Animals in arid areas around the world are strongly influenced by resource pulses 
Thus, population sizes can fluctuate in boom and bust cycles, as has been observed in 
Australia. Northern quolls (Dasyurus hallucatus) are carnivorous marsupials that have 
suffered severe population declines over the last 50 years and are now listed as 
Endangered. This decline includes range contraction in lowland savanna, especially in the 
northern Australian tropics, where they have been most studied. Rocky habitat might serve 
as a refuge throughout their range. The Pilbara region of Western Australia is a semi-arid 
area that represents an extreme of the northern quoll’s range. The overall objective of this 
study was to assess population characteristics of northern quolls at two rocky sites in the 
Pilbara, and interpret them in the context of climate, habitat and latitude. I assessed 
survival, population sizes of males and females, density, growth rates, body condition, and 
reproductive timing. I found that although reproduction occurred later than in populations 
where quolls have been previously studied, their life history and demography were similar 
to other parts of their range. Supporting previous findings, I found that survival, population 
size, density, and body condition were higher in females than in males, and higher in 
quolls in their first year than in their second. I did not find complete male die-off after 
mating, nor significant differences in sex ratios except during the mating season. I found 
differences between sites in terms of trappability, population sizes, and female densities 
which could be explained by differences in resource availability and / or in the continuity of 
rocky outcrops. On one relatively isolated site (Indee) I found densities comparable to 
offshore islands where quolls are safe from introduced predators. I found smaller 
population sizes and lower survival rates during the second year monitored, which may be 
related to differences in resource availability under a harsh drought during the summer of 
2015.  
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4.2 INTRODUCTION 
The ecology of arid zone fauna is influenced by resource pulses. These are short 
periods of high food abundance caused by infrequent rain events (Bergeron et al. 2011), 
such as insect outbreaks, masting plant production, and rapid plant growth in flood-prone 
areas (Yang et al. 2010). Their intensity and magnitude is determined by the size of the 
rainfall event, as well as the availability of ‘raw’ materials such as nutrients or dormant 
stages such as seeds for plant regeneration (Letnic et al. 2011). These pulses can be due 
to cyclic rain events with high amplitude, such as those caused by El Niño events, or 
stochastic events such as cyclones (Yang et al. 2010), but can also occur in more 
predictable cycles of shorter amplitude such as wet seasons. Of these, seasonal pulses 
are most predictable in time and space. Predictability of seasonal pulses allows species to 
synchronise the most energetically demanding portions of their life cycles with high food 
availability (Bergeron et al. 2011). Examples of seasonal predictability are vegetation 
growth and insect population growth that increase after winter. Spatial predictability can be 
related to latitude. For example, in Australia, annual mean rainfall and the predictability of 
seasonal rainfall both vary strongly with latitude (Pink 2013), and earlier rains occur further 
north.  
In the Australian arid zone, where rainfall is highly variable, densities and 
distributions of mammals fluctuate strongly due to frequent drought (Dickman et al. 2001). 
Longer droughts can result in small mammals retreating from harsher habitats into refuges 
until conditions become favourable again, for example the sandy inland mouse 
(Pseudomys hermannsburgensis) in the Simpson Desert (Dickman et al. 2011). However, 
these responses can also vary with trophic level. Yang et al. (2010) noted stronger 
responses for primary consumers around the world such as omnivores, granivores, and 
herbivores. In Australia, Letnic and Dickman (2010) noted that herbivores and omnivores 
responded more immediately to drought-breaking pulses than did carnivorous marsupials; 
Rodentia (rodents), Peramelidae (bandicoots), Potoroidae (bettongs and potoroos), and 
Macropodidae (kangaroos) responded more strongly than Dasyuridae (carnivorous 
marsupials). Similarly, in the Simpson Desert in western Queensland, Greenville et al. 
(2016) showed that rodent abundance was tightly linked to rainfall because rodents 
respond opportunistically to rain at any time of year, but this was not the case for 
dasyurids in the genera Dasycercus, Sminthopsis, and Ningaui. Greenville et al. (2016) 
concluded that rain events are less likely to produce rapid population increase in species 
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with seasonal breeding. This is especially true for short-lived monoestrus genera such as 
quolls (Dasyurus spp.). However, a sharp decline in rainfall can reduce prey availability 
and cause recruitment failure for an annual cohort in marsupials with this life history 
strategy (Parrott et al. 2007). Therefore, population sizes can fluctuate in cycles of ‘booms’ 
and ‘busts’. 
The northern quoll (Dasyurus hallucatus) is a monoestrus, seasonally-breeding 
species. Mating occurs over 2-3 weeks. Between 11 and 17 young are born, which usually 
translates to the successful attachment of young to all available teats (Nelson and 
Gemmell 2003); northern quolls have between six and 10 teats, but generally eight (Begg 
1981b; Braithwaite and Griffiths 1994; Nelson and Gemmell 2003; Schmitt et al. 1989). 
While in the pouch for their first two months, young have a low mortality rate (between 
1.75% (Oakwood 2000) and 4.8% (Begg 1981b)). When they reach the age when they are 
left in dens, Begg (1981b) reported a mortality rate of 37% and Oakwood (2000) 64%.  
Like other dasyurids, northern quolls show sex differences in morphology and 
ecology. Males are larger than females. The size of northern quolls also varies between 
regions. For example, quolls are larger in the wetter area of Kakadu National Park in the 
Northern territory (M = 761 ± 19.5 g, first year F = 448 ± 29.9 g, on average using data 
collected over three years on a three month period from April to June) (Oakwood 1997) 
than at the Mitchell Plateau, a drier area located in Kimberley region of Western Australia 
(M = 638.3 ± 127.0 g, F = 383 ± 60.6 g on average in July 1982) (Schmitt et al. 1989). 
Reproduction is synchronized within all populations that have been studied so far, but the 
timing of reproduction varies among populations, occurring later in southern latitudes 
(Nelson and Gemmell 2003; Oakwood 2000). This appears to be consistent with latitudinal 
differences in the timing of resource pulses (Fisher et al. 2013). Variation in reproduction 
times among populations can also occur in the same region. For example, Schmitt et al. 
(1989) reported that populations closer to the coast reproduced three to four weeks earlier 
than inland populations in the Mitchell Plateau.  
Sexual differences in the ecology of dasyurids in general and of northern quolls in 
particular result from their life history strategies, which are associated with resource 
pulses. Annual peaks in food availability are associated with single annual reproduction 
events (Fisher et al. 2013). Males have poor body condition during and after the mating 
season, which is accompanied by immune system collapse resulting in death for obligate 
semelparous species such as antechinus (Antechinus spp.), and associated with declines 
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in body condition, fur loss, and high mortality for species with facultative semelparity such 
as northern quolls. Northern quoll males survive 1-2 years, while females can survive 2-3 
years (Begg 1981b; Schmitt et al. 1989). Schmitt et al. (1989) found that male survival in 
the Mitchell Plateau was lowest after the mating season (11.5 % between July and 
September), with few males surviving to the next breeding season, but Oakwood et al. 
(2001) reported semelparous populations in Kakadu in which no males survived to breed 
in a second season. For females, mortality rates are highest during the offspring rearing 
stages when their energetic demands are highest (Fisher and Blomberg 2011). Northern 
quoll females carry young in their pouch for two months after birth, then place them in a 
den where they continue to care for them until they become independent at five months 
old (Begg 1981b; Oakwood 2000). Differences in the life history strategies of northern 
quolls also result in different age-specific growth and survival rates for each sex. At birth, 
both sexes are the same size, however males are already larger than females by the time 
they become independent (Begg 1981b). Growth rates of northern quolls are high during 
the first year (Begg 1981b). Schmitt et al. (1989) found temporal fluctuations in mass 
within and between age classes and sexes; males were usually heaviest, except in late 
lactation (post-mating) when body condition of males decreased significantly reaching 
mass similar to that of females. Like many mammals including most other dasyurids, the 
sexual size dimorphism of northern quolls is associated with their polygynous mating 
system, in which males compete for mates (Clutton-Brock 1989). 
The Pilbara, located in Western Australia, is more arid and further south than other 
sites where the demography of northern quolls has been studied; it thus represents an 
extreme of the northern quolls’ range. In Western Australia, northern quolls also occur in 
the Kimberley region, located to the north of the Pilbara. Populations in the Kimberley and 
Pilbara are separated by ~500 km of arid desert (Great Sandy Desert), which has impeded 
gene flow and resulted in distinctive genetic populations (How et al. 2009; Spencer et al. 
2013; Westerman and Woolley 2016).  
The overall objective of this study was to assess population characteristics of 
northern quolls at two sites in the Pilbara, and interpret them in the context of climate and 
latitude. I assessed survival, population sizes of males and females, density, growth rates, 
body condition, and reproductive timing (based on scrotal size for males and pouch 
development for females). Reproduction of northern quolls occurs later in southern 
latitudes (Nelson and Gemmell 2003), thus I predicted that reproduction in the Pilbara 
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would occur later in the year compared to Kakadu and the Kimberley region where 
demographic studies have been previously conducted. I also predicted that quolls would 
occur at lower densities in the Pilbara due to the aridity. Food availability is likely to vary at 
a fine scale and among habitat types (Letnic et al. 2011). This is especially true in arid 
environments, where rain events are patchy and variable (Dickman et al. 2001). Thus, I 
also predicted differences between sites within the Pilbara, reflecting patchiness of 
seasonal food supplies. I predicted that survival would be lowest in males, especially 
during and after the mating season, and females would have their lowest survival in late 
lactation and after weaning young. I also predicted that differences in survival between sex 
and age groups would translate into fluctuating population structure, size, and density. 
Demographic studies in other parts of their range indicate that body condition decreases 
after their first mating season, especially in males. Thus, I predicted that body condition 
would be higher in females than in males during and after the mating season, and in first 
year than in second year individuals.  
4.3 METHODS 
4.3.1 Study Area 
The semi-arid Pilbara has average high temperatures of 38°C during summer and 
25°C during winter (McKenzie et al. 2009; van Vreeswyk et al. 2004). September and 
October are the driest months, and are followed by a rainy season from December to 
March with occasional cyclonic activity that makes the amount of annual rainfall highly 
variable, but usually between 250 and 400 mm (McKenzie et al. 2009; van Vreeswyk et al. 
2004). My two sites were Millstream-Chichester National Park (Millstream) and Indee 
Station (Indee). Millstream was established as a national park in 1982 (DEC 2011). Indee 
is a cattle property that also includes tourism and mining activities, and has been under the 
same management for 50 years (Colin Brierly, personal communication 2014). I trapped 
around Python Pool in Millstream, and around Red Rock at Indee. Both trapping areas are 
characterized by rocky outcrops surrounded by spinifex (Triodia) grasslands. Python Pool 
has a permanent water pool that seasonally feeds a tributary of the George River and is 
located within a rugged mountain range; thus, it has rocky areas, rocky riparian areas and 
spinifex grasslands. Red Rock is a large granite boulder with exposed granite outcrops 
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along the sandy bed of the Turner River, which provides habitat heterogeneity and plenty 
of potential dens for northern quolls. The surrounding habitat at Red Rock is spinifex 
grasslands and, in one small section, a patch of Acacia shrubland. Both rivers are usually 
dry with small permanent pools, but have the potential to carry vast amounts of water 
during wet seasons.  
4.3.2 Live trapping 
I trapped three times a year between September 2013 and June 2015. I timed field 
trips to overlap with important milestones in the life cycle of northern quolls, including when 
juveniles were recruited into the population (from 23-Apr to 20-May-2014, and from 1-Apr 
to 27-Apr-2015; referred as April from now on), in the lead-up to the mating season (from 
17-Jun to 20-Jul-2014, and from 3-Jun to 30-Jun-2015; referred as June), and when 
females carried pouch young (from 18-Sep to 5-Oct-2013, and from 17-Sep to 14-Oct-
2014; referred as September). I refer to these three periods (recruitment, pre-mating, and 
pouch young) as seasons. I avoided trapping during the mating season and when females 
kept young at dens, to prevent separating females and their young. I also prevented heat 
stress by not trapping during the hottest months and by leaving traps closed during the 
day, opening them just before dusk and checking them within three hours after sunrise). I 
baited each trap with a mixture of peanut butter, oats, and sardines. My trapping was 
approved by the University of Queensland (license number: SBS/348/12/ARC) and 
Department of Parks and Wildlife of Western Australia (license number: SF009747) Animal 
Ethics Committees. 
I trapped northern quolls using wire cage traps (45 cm x 17 cm x 17 cm, Sheffield 
Wire co, Welshpool WA) set along transects that usually followed linear habitat features 
(rocky breakaways/rivers). Each trap was covered with a hessian bag secured with a rock 
and placed in a protected location. I used three transects of ten traps per site (i.e. a total of 
30 traps at each of Millstream and Indee) with a 25 m spacing between traps and at least a 
50 m spacing between transects. I marked and recorded locations using a flagging tape 
and a GPS. I trapped for three consecutive nights per site, with up to two trapping 
sessions per site per trip. In the second trapping sessions traps were placed to target 
quolls that had been fitted with GPS units during the first trapping sessions. The numbers 
of traps for these targeted sessions varied between 20 and 35. I stopped targeted trapping 
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once all quolls carrying a GPS unit were trapped, which ranged between one and four 
nights of trapping. 
I processed and released all trapped quolls at the point of capture. Upon first 
capture, I fitted quolls with a unique 12-mm FDX-B Injectable Glass Transponder 
(microchip; Allflex®) and I took a tissue sample using a one mm-diameter ear punch and 
stored the sample in 80% ethanol. Individuals were identified using a microchip reader. I 
verified whether a quoll had been previously captured by checking for ear notches. I 
recorded sex and mass (g), measured head length (mm), tail length (mm), tail 
circumference at the base (mm), left hind foot length (mm), left ear length (mm) and scrotal 
width of males (mm), noted the reproductive status of females, counting pouch young 
when available, recorded the presence of ecto-parasites, and determined age. I recorded 
mass every time a quoll was caught; thus I averaged the weight per individual per trip, 
excluding instances when quolls were carrying a GPS unit, which altered weights. I 
recorded tail circumference to monitor body condition (Rankmore et al. 2008). To 
determine a female’s reproductive status, I used the visual appearance of the pouch, and 
recorded a female as nonparous, parous but not currently breeding, entering breeding 
condition, carrying pouch young, or suckling unattached young (Begg 1981a; Begg 
1981b). I used tooth wear to determine age as subadult (first year) or adult (second year 
onwards). Tooth wear has been used in Tasmanian devils (looking at molar tooth wear) 
and western quolls (looking at incisor tooth wear) to distinguish juveniles (up to 11 months 
old in western quolls) and adults, but this determination is best when accompanied by 
other information such as body size (Jackson 2007). I coupled tooth wear with data on 
date of first capture, body weight, and reproductive status, which have been used to 
determine the ages of northern quolls (Begg 1981b), especially to determine age beyond 
their second year. I established whether individual quolls were in their first, second, or third 
year. I also calculated their age in months assuming birth in September.  
4.3.3 Statistical analyses  
All analyses were conducted in R Studio (RStudioTeam 2015), unless specified. 
Models were plotted using the package ‘ggplot2’ (Wickham et al. 2016) in R Studio. 
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4.3.3.1 Survival, population size, and density 
4.3.3.1.1 Survival and population size 
I collected the trapping history of each individual, and separated these by site and 
sex into four groups: 1) Indee females, 2) Indee males, 3) Millstream females, and 4) 
Millstream males. I then estimated survival and population sizes through the POPAN 
analysis using the program MARK (Cooch and White 2014). Each trip was used as one 
encounter occasion (n = 6). POPAN estimates information on the recapture parameter (p), 
apparent survival (phi), and the probability of entering into the population (recruitment, 
pent). Survival is considered ‘apparent’ because the estimate does not differentiate 
between permanent emigration and mortality (Cooch and White 2014). Apparent survival 
is referred to as survival from here on. The model includes the probability of recapture, that 
is, the probability of finding an individual on a subsequent occasion (Cooch and White 
2014). I assumed that the probability of recapture was the same for all groups (males and 
females, Indee and Millstream).  
The four groups (quolls separated by site and sex) were manipulated in the 
parameter index matrix to test the relative importance of sex, site, season, trip, and year 
for survival. To do this, I created a series of models where parameters could remain 
constant (.), vary between trips (t), vary between seasons (t3), vary between years (t2), 
vary between sexes, or vary between sites. For example, I gave equal values to trips one 
(September 2013) and four (September 2014), to trips two and five (April 2014 and 2015, 
accordingly), and to trips three and six (June 2014 and 2015, accordingly), and named this 
arrangement ‘t3’. I tested a model where survival remained constant between sites and 
sexes, but arranged by season (phi = t3). Then to test the relative importance of sexes 
within the seasonal context, I created a model where survival was constant between sites, 
varied between sexes, and arranged by season (phi = sex, t3). Finally, to test the relative 
importance of sites within seasonal context, I created a final model where phi = site, t3. I 
proceeded the same way to determine importance of parameters in the context of trip (t) 
and year (t2). I report survival rates based on the best fit model (lowest AICc value and 
highest likelihood). I report population size for each group based on the parameters p(.), 
phi (t), pent (t), but ‘p’ and ‘pent’ were assumed to be constant between groups (i.e. males 
had the same probability of entering into the population as females, but this could vary 
between trips) to reflect fluctuations in population sizes through time. 
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4.3.3.1.2 Densities 
To calculate densities, I first estimated the effective trapping area. Traditionally, the 
effective trapping area is the area of the trapping grid plus a buffer (Rankmore et al. 2008). 
Because I used trapping transects rather than grids, I calculated the effective trapping area 
considering only a buffer around the traps. To calculate the area of the buffer researchers 
have used one half of either the average home range or the average maximum distance 
travelled between recaptures (Rankmore et al. 2008). Given the sex variation in home 
range size, I calculated the effective trapping area separately for each sex based on GPS 
telemetry (Appendix B). I used the ‘Analysis Tools’ in ArcGIS to calculate a buffer around 
the trap locations that was later merged to obtain a single polygon. This buffer calculation 
requires a radius measured as a linear distance. I used different methods to obtain the 
radius for each sex due to differences in the quality of data available. Four GPS-tracked 
males were monitored for between 8 and 10 days (Appendix B), so I calculated the mean 
distance from the centroid to the edges of the 95% minimum convex polygon for each 
individual and then averaged this distance across individuals, yielding a buffer of 750 m. 
Most of the males were GPS-tracked just after the mating season, when their activity may 
have been increased by their searching for mates. Thus, I also calculated densities using 
one half of the initial radius (375 m) to calculate a second buffer. Only one female was 
GPS-monitored for three days in my study area (Appendix B), impeding a proper 
calculation of home range. Thus, for females, I calculated the maximum distance between 
points taken in one day for that female, and used it as the buffer radius (40 m). In other 
parts of the Pilbara, females have a home range that is 4.3 times smaller than that those of 
males (Henderson 2015). Thus, I calculated a second buffer for females based on a radius 
that was 4.3 times smaller than the one used for males, resulting in a 180 m radius. After 
calculating population densities, I did Poisson regressions with densities as a response 
variable and sex, site, year monitored, season, and sites as predictors. I compared data by 
combining densities calculating using the male and female buffers of 375 m and 40 m 
radius in one analysis and those using the 750-m and 180-m buffers in another.  
4.3.3.2 Growth rates 
I calculated growth rates based on a regression, using weight as the response 
variable and age (in months) and sex as predictors (Fisher and Blomberg 2009). I treated 
age and sex as factors and thus used a Poisson regression to calculate my model.   
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4.3.3.3 Body condition 
I used generalized linear models to analyse factors that affected body condition. 
Because quolls store fat in their tails, I considered tail circumference as a measure of body 
condition and used it as the response variable. I used mass as the predictor variable, as 
well as sex and season. 
4.3.3.4 Reproductive timing  
For males, I tested if scrotum size was related to age using a Poisson regression. I 
calculated scrotum size as the product of scrotal width and length. I used age in months as 
the predictor variable. For females, I used a chi-squared test to assess if their reproductive 
cycles were synchronized, by comparing pouch state among the three trapping seasons.  
4.4 RESULTS 
I trapped 67 individuals a total of 304 times. This included 30 female and 37 male 
unique individuals. Over six trips this amounted to 112 capture occasions, 91 from Indee 
and 21 from Millstream (54 individuals at Indee and 13 at Millstream). There were more 
first-year individuals compared to second and third-year quolls. No individuals were found 
to have lost their microchips, i.e. there were no captures of individuals that had been ear-
notched but did not have a microchip. 
4.4.1 Survival 
I developed different models to test the relative importance of sex, site, season, trip, 
and year monitored for survival (Table 4-1). Models performed best when the probability of 
entering the population allowed seasonal differences, and were thus used to estimate the 
importance of parameters to survival. I found that differences in life history between the 
sexes were more important than differences between sites. Seasonal differences were 
more important than differences between years, while years were more important than 
trips. The best model considered that the probability of survival fluctuated with season and 
was different for males and females (AICc = 197.74). The best model shows that females 
have higher probability of survival than males (Table 4-2). Survival for males is lowest after 
the mating season, between September and April. The second best model shows that 
there were differences between years, with lower survival rates during the second year.  
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Table 4-1. Models with varying parameters to test the importance of season, year, trip, sex, and 
site for survival of northern quolls at two sites of the Pilbara. Models are ranked by best fit (starting 
with lowest AICc values and highest likelihood). The number of parameters reflects differences in 
grouping of phi, pent, and trappability probabilities, as well as the initial sample size per group (n). 
Groups are: Indee Males, Indee Females, Millstream Males, and Millstream Females. The terms 
under ‘time’ (‘season’, ‘year’, and ‘trip’) and under ‘group’ (‘sex’, ‘site’, and ‘different’) refer to the 
variation considered between them. For example, time = ‘season’ refers to the parameter phi or 
pent varying between seasons, but remaining constant between years: for instance, April 2014 and 
April 2015 were the same. Group = ‘different’ suggests all groups were different. 
survival (phi) 
probability of 
entrance (pent) 
AICc 
Model 
Likelihood 
Number of 
parameters 
time group time group 
   
season sex season sex 197.74 1 11 
year sex season sex 200.04 0.316 10 
season different season sex 204.85 0.029 16 
year different season sex 205.21 0.024 13 
year site season site 205.24 0.024 10 
season site season site 206.29 0.014 12 
trip different season sex 206.91 0.102 20 
trip different trip sex 227.33 0 26 
trip different trip different 271.94 0 31 
 
Table 4-2. Probability of female and male survival between seasons considering the top two 
models. The best model considers survival (phi) and the probability of entering the population 
(pent) that vary among seasons (constant between years) and between sexes. The second best 
model considers phi that varies between years (constant among seasons) and pent that varies 
among seasons (constant between years), and phi and pent that are different between sexes.  
    Females   Males 
  
Estimate SE 
 
Estimate SE 
Season Sep-Apr 0.893 0.030 
 
0.052 62.43 
(best model) Apr-Jun 0.806 0.066 
 
0.750 0.083 
 
Jun-Sep 0.754 0.078 
 
0.744 0.072 
       Year 2014 0.869 0.030 
 
0.733 0.05 
(second 
best) 2015 0.800 0.060   0.575 0.143 
 
103 
 
4.4.2 Population size and density 
4.4.2.1 Population size 
On average females had a population size of 8.58 ± SE 1.83 at Indee and 1.18 ± 
21.45 at Millstream. I did not trap any females at Millstream during 2015, which could 
explain the high standard error for females at this site. For males, the average population 
size was 6.08 ± 1.45 at Indee and 2.11 ± 0.57 at Millstream. When separated by trip, 
population sizes fluctuated at both sites and peaked in June (the pre-mating period) in 
2014. In 2015 the populations of both sites were lower, including during the pre-mating 
season in winter. Population size of a particular trip is based on the calculation for the rest 
of the trips and considering the probabilities of survival and trappability, allowing numbers 
smaller than one individual. In 2015 at Millstream, population sizes of < 1 individual were 
calculated during April and June for females and during June for males, when I only 
trapped one individual in one occasion (male) in 2015. This could indicate local extinction 
or failure to detect them. Thus, the population size of females at Millstream in June 2015 
was assumed to be zero. Population sizes tended to be higher for females than males 
(Figures 4-1 and 4-2, respectively). 
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Figure 4-1. Estimated population size of females per trip, per site. Female population size at 
Millstream in June 2015 was assumed to be zero. Indee in solid red and Millstream in dotted blue. 
Error bars indicate the standard deviation 
. 
 
Figure 4-2.Estimated population size of males per trip, per site. Male population size at Millstream 
in June 2015 was assumed to be zero. Indee in solid red and Millstream in dotted blue. Error bars 
indicate the standard deviation. 
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4.4.2.2 Densities  
I calculated male and female densities (Figures 4-3 and 4-4, respectively). I found 
lower female and male densities at Millstream compared to Indee, with lower values in 
2015 than in 2014. Female density was 3.3 to 17.2 times higher at Indee, being lowest 
during the pouch young season (September), and highest during the pre-mating season 
(June) in 2014, before the population crashed in 2015. Male density was two to six times 
higher at Indee than at Millstream, being lowest during the recruitment season (April), 
before an influx of males for the mating season, which had the highest values.  
 
 
Figure 4-3. Female density (per hectare) based on population size at each site. The effective 
trapping areas are based on two buffer areas around the traps using data in Appendix (B). The 
buffer to the right is based on a 40 m radius using the maximum distance travelled by a GPS-
collared female between locations obtained on a single day. The buffer to the left consists of a 
buffer 4.3 times smaller than the average distance from the centroids of males’ home ranges to the 
edges of those ranges (180 m). Indee in red and Millstream in blue. 
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Figure 4-4. Male density per hectare based on population size at each site. The effective trapping 
areas are based on two buffer areas around the traps, using data in Appendix B. The buffer to the 
right uses data on from GPS-tracking of four male quolls and a radius of the average distance from 
the centroid of their 95% MCPs to the perimeters of those ranges (750 m). The one to the left uses 
one half of the previous estimate (375 m) to account for differences in activity at other times of the 
year. Indee in red and Millstream in blue. 
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4.4.3 Growth rates 
Based on mass gain, the Poisson regression model for growth rate was: y(7mo, female) 
= 5.764 + 0.156(9mo) + 0.120(12mo) + 0.387(19mo) + 0.398(21mo) + 0.278(24mo) 
+0.145(31mo) + 0.519(Male). This model was significant at the intercept z = 423.314 ± 
0.014, p < 0.001 (Figure 4-5). For females, the growth rate peaked between 19 and 21 
months, after which females lost weight. For males, it peaked between 9 and 12 months. 
Males had a higher growth rate than females.  
 
Figure 4-5. Model of growth rates separated by sex. Females in red and males in blue. 
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4.4.4 Body condition 
I explored body condition using as predictors season, site, or sex. I found that only 
season was a significant predictor (t = 20.80 ± 1.59, p < 0.001) with the formula y(TailCircum, 
Apr) = 33.13 + 0.035 (mass) + 5.13 (Jun) - 1.41 (Sep). As expected, I found that body 
condition was highest during the pre-mating season and lowest after the mating season, 
when females carry pouch young (Figure 4-6).  
I found ecto-parasites on one female (fleas in June 2015, at Indee) and six males. 
One male had fleas in June 2014 and was later found with ticks in September 2014. The 
other five had ticks in September and one 19-month old that had not been previously 
recorded had them in April 2015. Ticks were usually around the shoulder blades. Other 
visual signs of poor male body condition were bald patches distributed throughout their 
body. Second-year males had signs of hair growth on the previously bald patches, 
showing that they were recovering body condition following the severe decline observed 
after their first mating season.  
 
Figure 4-6. Results of general linear models showing predicted body conditions (measured as tail 
circumference (dependent variable) against mass (independent variable), shown for each season. 
Colours represent linear regression per season: Recruitment in red (April), pre-mating in green 
(June), and pouch-young in blue (September).  
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4.4.5 Reproductive timing and pouch young 
4.4.5.1 Males 
Scrotal size fluctuated with age and peaked at nine months old (Figure 4-7). This 
difference was significant (z43,39 = 329.715 ± 0.017, p < 0.001), with the formula y(7mo) = 
5.649 + 0.384(9mo) + 0.307(12mo) -0.299(19mo) + 0.012(21mo). Three males were 
caught beyond their first year at an estimated age of 19 months (three at Indee and one at 
Millstream). One of those was caught again at an estimated age of 21 months in June 
2015, and again at ~25 months old (October 2015) with many ticks (Dunlop personal 
observation). In April 2015 (19 months old), this individual weighed 485 g (21 months) and 
had a scrotal width and length of 11 mm, by June (25 months) it had recovered to 685 g 
and a scrotal width of 16 mm and length of 20 mm, and by October (after the mating 
season) it had decreased again to 665 g with a scrotal width of 20 mm. This suggests that, 
if they survive, males can be reproductively active during their second year, although this 
male’s scrotal size was smaller than during the first year (9 vs. 21 months). 
 
 
Figure 4-7. Scrotal size (scrotal width x length in mm) in relation to age measured in months. 
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4.4.5.2 Females 
As expected, female reproductive cycles were synchronized. During the recruitment 
season (April), all females were either non-parous (first-year individuals, n = 8) or parous 
but not currently breeding (second-year individuals, n = 11), with the exception of a female 
with elongated teats suggesting she had suckling young. During the pre-mating season 
(June) all females were entering breeding condition, as shown by signs of the pouch 
starting to form, with one exception. After the mating season (September) all females were 
carrying pouch young, with two exceptions. Exceptions observed in September and April 
corresponded to two-second year females that had synchronized litters the previous year. 
The differences in the status of the pouch by season were significant (χ28,15= 105.045, p < 
0.001). The sizes of pouch young (measured as body length) were negatively correlated 
with the body conditions of the mothers (tail circumference) (t = 2.945 ± 6.559, p = 0.013), 
with the regression formula y(PYSize) = 19.318 -0.102(TailCircum) (Figure 4-8). 
 
Figure 4-8. Body length of pouch young (response variable) versus female body condition (tail 
circumference) (general linear model). 
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4.5 DISCUSSION 
The reproductive timing of northern quolls in the Pilbara differs from that of 
populations in more mesic and lower latitude regions where they have been studied in 
northern Australia. Reproduction was later in the year in the Pilbara, as I predicted. In my 
study, births occurred in late August or early September, and females were known to 
continue carrying young in October (2015, Dunlop personal observation). Mating occurs 
about a month before birth of young (Begg 1981b; Oakwood 2000), so mating must occur 
between late July and August in my study area. Nelson and Gemmell (2003) reported 
births between June and early July in the Northern Territory, in late June to early July in 
the Kimberley region of Western Australia, and between late July and August in north 
Queensland. In other respects, the life history and demography of northern quolls in my 
Pilbara populations were similar to elsewhere in their range. As in other studies, I 
predicted that survival, population size, density, and body condition would be higher in 
females than in males, and higher in quolls in their first year than in their second. I found 
support for most of these predictions. I expected more females than males in the 
population because males experience high mortality after the mating season across the 
species' range (Begg 1981b; Braithwaite and Griffiths 1994; Schmitt et al. 1989) and in 
some populations researchers have reported a complete die off of males, such as Kakadu 
(Oakwood et al. 2001) and Groote Eylandt (Robbie Wilson, personal communication).  
I did not find a significant sex ratio bias towards females, except after the mating 
season (September). This pattern has been observed in other areas. For example, in the 
Kimberley, Cook (2010) reported an even overall sex ratio, apart from the observed 
difference during the mating season when twice as many females as males were found. 
Some have reported even overall sex ratios (Begg 1981b; Oakwood 2000). However, 
others have noted differences among habitats or sites, favouring females in the Kimberley 
(Schmitt et al. 1989) and males in the Pilbara (Morris et al. 2016). In Kakadu, Braithwaite 
and Griffiths (1994) found an even sex ratio during the first year of their study, but a 
female-biased ratio during the second. There are several potential explanations for my 
observations. For example, during the pre-mating season in June 2014, when males 
became more active in search for potential males, I caught 14 males. Of those, nine were 
new captures. In contrast, only three of the 12 females caught in June 2014 were new 
captures. New captures of males during the pre-mating season suggest higher activity of 
the males present (and thus a greater probability of their being trapped) or a greater influx 
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of males during this time due to dispersal. Seasonal variation in sex ratios after the mating 
season are consistent with a survival cost of high reproductive effort, occurring during the 
offspring rearing stages for females (when they nurse pouch-young and denning young) 
and during the mating season for males (Fisher et al. 2013). Thus, I also predicted the 
observed population structure favouring first-year individuals. 
My results suggest higher recruitment of males than females in the Pilbara, with a 
near complete replacement of males between years. More females survive to their second 
year, yet the overall sex ratio remained even and was biased towards females only before 
new individuals entered the population (i.e. after the mating season). Schmitt et al. (1989) 
reported that pouch young had a sex ratio biased towards males, although by the time 
they became independent it had shifted to an equal ratio. Higher recruitment of males 
could be a life history strategy that compensates for their low survival rates. It is important 
to note that survival models in MARK cannot differentiate between death and permanent 
emigration (Cooch and White 2014). Begg (1981b) explained the lower apparent male 
survival during the recruitment season as emigration rather than mortality, but not female 
survival as females are philopatric. 
Northern quolls experience fast growth rates approaching the mating season (Begg 
1981b). I found that mass increased with age and at a higher rate between seven and 19 
months of age and then decreased after their first year, being especially pronounced for 
males (Figure 4-5). This is consistent with observations reported by Begg (1981b). The 
body condition of quolls in my study peaked over the pre-mating season but had 
decreased by after the mating season when females were carrying pouch young (Figure 
8), and also decreased significantly for females with pouch young as offspring grew 
(Figure 4-8). A drop in body condition and mass after the mating season has also been 
noted in both sexes by Begg (1981b) and Schmitt et al. (1989), who reported that the loss 
of body condition was greater in males. After the mating season, six of the seven quolls 
recorded with ecto-parasites in my study had ticks (five in September, one the following 
April) and all males had bald patches over their whole body that started to show for some 
during the pre-mating season. Similar signs of deterioration in body condition were 
reported by Oakwood et al. (2001). These were followed by complete mortality of males in 
their study, but this was not related to physiological deterioration of the reproductive 
system, suggesting that reproduction could have occurred in the following season had they 
survived. This is consistent with my findings that males showed recovery of bald patches 
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(hair growth) by the next recruitment season and my data on the dynamics of scrotum 
size, showing recovery of body condition and reproductive capacity towards the next 
mating season (Figure 4-6). Begg (1981b) and Braithwaite and Griffiths (1994) also 
observed a fluctuation of scrotum size indicating scrotum enlargement, which is associated 
with spermatogenesis, approaching males’ first and second mating seasons.  
I found that trappability, population sizes, and female densities were higher at Indee 
than at Millstream. These could be due to differences in suitability of habitat which might 
be associated with resource availability. In the Kimberley, the largest population monitored 
by Schmitt et al. (1989) occurred in sandstone, compared to other forest and vine-thicket 
habitat types. However, not all rocky habitats are the same. In Kakadu, three of the four 
habitat types monitored by Begg (1981b) were some variation of rocky habitat (rocky 
crevices, rocky slopes, and scree slopes) and found that rocky crevices provided the best 
habitat. The rocky habitat at Indee could represent better habitat than that at Millstream. 
Northern quolls’ distribution in the Pilbara is correlated with habitat slope and complexity, 
and climatic factors associated with summer rainfall. Favourable areas include the granite 
outcrops within the Abydos Plains (e.g. Indee), the western edge of the ironstone 
Hamersley Ranges and the rugged Chichester ranges (Molloy et al. 2015). My trapping 
area at Indee includes exposed granite outcrops along the Turner River, surrounded by 
spinifex grassland, while the Millstream trapping area is part of the Chichester escarpment, 
defined by the dark brown jumbles and slopes of weathered basalts and granophyres. 
Accordingly, an ecological niche model developed by Molloy et al. (2015) suggests that the 
trapping area at Indee Station offers the area of highest suitability for northern quolls, 
compared to Millstream.  
Another plausible explanation of the differences between sites is related to the 
continuity of rocky outcrops in the landscape. My study site at Indee was relatively 
isolated, compared to Millstream. Connectivity at Indee is only provided by the Turner 
River, thus, the rock outcrop may provide a refuge in the surrounding matrix of open 
spinifex grassland. Conversely, the mountain ranges of Millstream provide continuous 
rocky habitat that allows quolls to move in search of better microhabitats or potential mates 
in any direction. A similar association has been made in west Texas, where the 
mountainous habitat of black bears (Ursus americanus) has been treated as ‘sky islands’ 
surrounded by a sea of inhospitable semi-arid habitat (Hellgren et al. 2005). I discuss 
female densities because these represent the limiting factor for population growth 
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(Rankmore et al. 2008).On rock outcrops at Indee, I found female densities between 0.111 
± 0.051 and 0.628 ± 0.288 per hectare, depending on the buffer area (Figure 4-3). These 
are comparable to natural densities reported on Groote Eylandt off the coast of the 
Northern Territory, which supported densities of 0.22 and 0.15 females per hectare in 2012 
and 2013, respectively (Jaime Heiniger, personal communication). For populations on 
offshore islands of the Northern Territory where quolls were translocated in 2003 and by 
2007, the populations had grown to densities between 1.95 and 3.8 females per hectare 
(Rankmore et al. 2008). On the other hand, female densities at Millstream are comparable 
to densities between 0.006 and 0.010 females per hectare in Queensland (Scott Burnett, 
personal communication). However, there are differences in the estimation of the effective 
trapping area used to calculate densities across studies, which might further explain 
variations in densities. All studies mentioned calculated the effective trapping area based 
on the area of the trapping grid plus a buffer from radio-tracking data from a different site. 
My effective trapping calculation is based on data obtained at the same site, giving an 
advantage to the accuracy of my estimations, regardless of the buffer size considered.  
Evidence is mounting that rocky habitats in general, and rock outcrops in particular, 
serve as refuges is in Australia (Chapter 2; McGregor et al. 2015). Northern quolls have 
largely disappeared from savanna and grassland regions in the last 30 years (Hill and 
Ward 2010; Oakwood 2002; Oakwood and Pritchard 1999). One hypothesis involves the 
idea of increased exposure to predators in open habitats (Chapter 2; Hill and Ward 2010), 
such as the spinifex grasslands that surround my trapping areas. McGregor et al. (2014) 
found that feral cats are better hunters in open habitats of the Kimberley region. Higher cat 
abundance in spinifex grasslands than in rock outcrops may have pushed northern quolls 
into rocky habitats by excluding them from other habitats in my study area (Chapter 2). 
Such broad-scale habitat segregation is made evident by fine-scale data. For example, in 
a transect where that crossed different habitat types, one camera fell in shrubs with 
scattered spinifex, followed by two in riparian habitat, and then continued in spinifex 
grassland. I found quolls only in the riparian cameras, and cats in the others. Supporting 
the idea of the pressure by introduced predators, quolls reach the highest reported 
densities in offshore islands of the Northern Territory that are free of introduced predators, 
such as Astell and Pobassoo islands (Rankmore et al. 2008), or have low densities of cats, 
such as Groote Eylandt (Jaime Heiniger, personal communication). 
115 
 
Estimates of population sizes and female densities were much higher in the first 
year (September 2013 to Jun 2014) than in the second year (Sep 2014 to Jun 2015). The 
lowest values were in June 2015. My results suggest that survival of offspring born in 2014 
was low, so there was low recruitment of young. This crash in the population may have 
been due to food shortage after a decrease in rainfall (Chapter 5; Chapter 10). Although 
not all monthly rainfall data are available for my study period, summer data indicate 
declining rainfall in 2015. For example, data from the Bureau of Meteorology shows that 
January rainfall between 1961 and 1990 averaged 71.7 mm at Indee and 91.1 mm at 
Pyramid Station, located close to my trapping area in Millstream (BOM 2016). Between 
2010 and 2014 64 to 170 mm fell in January at Indee and 40 to 280 mm at Pyramid 
Station. In January 2015 only 2.8 mm fell at Indee and 11 mm at Pyramid Station (BOM 
2016). Along with population fluctuations in response to rainfall, small mammals face the 
added possibility of local extinction of some populations during periods of severe droughts 
(Dickman et al. 2010). Species’ fluctuations in population size respond to the frequency 
and magnitude of rainfall, and how drought periods are perceived. Dickman et al. (2011) 
suggests that responses to droughts can range from a reduction of a species’ activity, 
allowing energy conservation in the short dry periods, to a lowering of reproductive rates 
and seeking alternative resources during longer droughts.  
4.5.1 Conclusions 
I expected northern quolls in the most arid, southern part of their current range to 
breed later, and to reach lower population densities than those in other regions. Both of my 
study populations did breed later than previously reported in other areas. This is consistent 
with the hypothesis that dasyurids respond to differences in food availability, so they time 
reproduction to coincide with peak resources. However, population density was variable in 
space and time, and not consistently lower than elsewhere. One of my populations on an 
isolated rock outcrop supported densities comparable to insurance populations on offshore 
islands that are free or relatively free of introduced predators. However, densities at the 
other site were much lower. In this relatively short study, I found large variation between 
years in population size and survival. The demography of northern quolls in the Pilbara is 
similar in other respects to elsewhere in their geographic range.  
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5 Components of habitat quality for northern quolls in the 
Pilbara  
5.1 ABSTRACT 
Identifying what constitutes best quality habitat for endangered species is essential 
to properly guide management and conservation efforts. Habitat quality can be assessed 
indirectly through measures of the availability of food and shelter (dens), predation risk, 
and intraspecific competition. The northern quoll (Dasyurus hallucatus) is an endangered 
carnivorous marsupial that occurs in patchy populations across northern Australia. The 
overall goal of this research was to assess potential indicators of habitat quality for 
northern quolls at two sites in the Pilbara region of Western Australia. I assessed habitat 
quality in terms of den availability, vegetation cover, prey availability, and diet. Because 
rocky habitats currently seem to hold most quoll populations, it has been suggested that 
rocky areas serve as refuges. Rocky habitats could be associated with higher prey 
availability due to higher microhabitat complexity, could serve as protection against 
extreme weather events such as fire, or could protect against introduced predators. I found 
that spinifex grasslands had good vegetation cover and prey availability, but low den 
availability; these habitats are also associated with the presence of introduced predators 
(Chapter 2). Recently burnt areas had low vegetation cover and den availability and are 
also associated with introduced predators, but exposed seed banks and palatable 
seedlings may attract granivores and herbivores. Thus, recently burnt areas may serve as 
‘attractive sinks’ for prey species. Rocky habitats had the most dens available and 
provided good cover despite lower vegetation diversity and were associated with 
intermediate levels of prey availability. I found that the volumes of different categories of 
prey items in the diet of northern quolls fluctuated with changes in prey availability. This 
supports the idea that the opportunistic nature of quolls allows the exploitation of 
resources according to their availability. However, high numbers of quolls at one site 
coupled with diet analysis suggests quolls in rocky habitats may subsidize their diets with 
prey from adjacent habitats, such as the dominant habitat spinifex grassland. Therefore, 
prey availability fails to explain the observed current range restrictions into rocky habitats. 
My findings support previous observations that the distribution of northern quolls is 
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determined by the distribution of introduced predators. However, I found that den 
availability might influence the density of northern quolls in the Pilbara.  
5.2 INTRODUCTION 
Components of habitat quality include those related to food (prey availability) and 
shelter (den availability and cover), as well as to predation risk (predator presence and 
distribution, and vegetation cover) and intraspecific competition (Johnson 2007). A popular 
way to define habitat quality is that individuals in the habitat with highest quality show the 
highest fitness (Kroll and Haufler 2007). Fitness is defined by reproductive success 
(Monterroso et al. 2016). However, habitat quality is species-specific, and habitat 
characteristics may have contrasting effects on different species (Lam et al. 2014). For 
example, some prey species such as ungulates can use rugged terrain to avoid predators, 
so from the perspective of these prey animals, high terrain ruggedness is as asset, but 
from the perspective of their predators, terrain ruggedness may be a hindrance to hunting 
(Sappington et al. 2007).  
It is essential to identify components of habitat quality for the management of 
threatened species (Belcher et al. 2007), but this can be a complex task. Habitat quality 
can be assessed directly through measures of demography (e.g. reproduction, survival, 
and physical condition), carrying capacity and habitat occupancy and preference (Johnson 
2007). However, these measures can sometimes be misleading. For example, individuals 
in a population are often forced to move due to natural dispersal events (Ruth et al. 2011) 
or dispersal driven by high densities above carrying capacity (Benson and Chamberlain 
2007). When an animal leaves an area (a source) it may disperse into a sink, which is a 
habitat of lower quality or of apparent high quality, but nonetheless associated with low 
survival rates (Andreasen et al. 2012; Ruth et al. 2011). Differences between source and 
sink habitats are especially evident in areas where mortality risk occurs in pulses, such as 
hunting seasons, allowing influx of individuals during the off-season. For example, in the 
Yellowstone basin, mountain lions (Puma concolor) have been found to disperse into 
areas of apparent high quality that have been associated with high anthropogenic hunting 
pressure, which increases their mortality risk in these ‘attractive sinks’ (Andreasen et al. 
2012). Similarly, prey species’ movements are affected by predation risk. Prey sometimes 
use habitats of otherwise lesser quality where predation risk is lower (Bakker and Hastings 
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2002). It is often hard to measure demographic variables with sufficient precision across 
enough habitat types to distinguish source and sink populations. Thus, many researchers 
rely on indirect indicators to rank the quality of available habitats (Johnson 2007). During 
this study, I used indirect indicators to assess habitat quality.  
Indirect indicators of habitat quality can include the availability of potential dens and 
vegetation cover for shelter, predator abundance and distribution, and food availability and 
quality (Johnson 2007). Dens can provide a resting place, shelter from weather (heat of 
the day and hazardous stochastic events such as fires), a place to rear offspring and 
shelter from predators (Endres and Smith 1993; Hwang et al. 2007; Oakwood 1997), and 
thus can alter fitness and survival (Hwang et al. 2007). Vegetation cover is important 
because it can also provide shelter from predators. Shorter vegetation and lower habitat 
complexity have been linked to greater predation risk in species such as the European 
hare (Lepus europaeus) (Weterings et al. 2016). Higher complexity of geological features 
and vegetation composition translates into a wider variety of microhabitats that can 
support a greater number of individuals and species than a homogenous area of the same 
size (Báldi 2008; Cramer and Willig 2002; Tews et al. 2004).  
In a review, Tews et al. (2004) noted that habitat heterogeneity was positively 
related to diversity of vegetation, arthropods and mammals in 85% of the research that 
was reviewed. However, they also found cases where decreased diversity could occur with 
increased heterogeneity. Therefore, the diversity of fauna can differ depending on how 
species perceive heterogeneity (Tews et al. 2004). For example, for ground-dwelling 
species, ground cover and its heterogeneity might be more important than that at the 
canopy stratum. Thus, habitat heterogeneity is an important aspect of habitat quality. 
However, prey availability is also tightly linked to temporal variation in resource availability, 
and affected by stochastic or seasonal rain events (Bergallo and Magnusson 1999; Yang 
et al. 2010). Population size fluctuations in response to changes in resource availability 
have been observed in forest rodents of Brazil (Bergallo and Magnusson 1999), but are 
more obvious in arid areas where rodent populations fluctuate greatly in response to 
rainfall and drought, such as in the Simpson Desert in central Australia (Dickman et al. 
2010). Arthropods respond rapidly to rain events, for example in Brazilian forest (Bergallo 
and Magnusson 1999), Costa Rican rainforest (Boinski and Fowler 1989), and Australian 
rainforest (Frith and Frith 1985). In arid central Australia, insect productivity is highest in 
summer, following rain events (Palmer 2010). Ultimately, prey availability is one of the 
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most important aspects of habitat quality because it can alter the size of the area needed 
to satisfy a predator’s needs (Benson et al. 2006). 
The northern quoll (Dasyurus hallucatus) is a carnivorous marsupial that inhabits 
northern Australia (Hill and Ward 2010). It now occurs in patchy populations across its 
former range (Braithwaite and Griffiths 1994; Oakwood and Spratt 2000) and is classified 
as Endangered under national and international listings (Hill and Ward 2010; Oakwood et 
al. 2016). Braithwaite and Griffiths (1994) estimated a 75% decline in distribution had 
occurred, and this is now estimated to be 82% (Fisher et al. 2014). The decline has been 
more severe in open plains habitats such as lowland savanna than in elevated rocky areas 
(Hill and Ward 2010; Oakwood 2002; Oakwood and Pritchard 1999). Over the last 100 
years, local extinctions of northern quolls have been reported mainly in open plains (Hill 
and Ward 2010, Oakwood and Spratt 2000).  
Northern quolls are opportunistic carnivores that feed on a wide variety of items 
including small rodents, small reptiles and birds, insects and fruits (Begg 1981b; 
Braithwaite and Griffiths 1994; Oakwood 2002; Pollock 1999; Rankmore et al. 2008). 
Quolls are nocturnal (Oakwood and Pritchard 1999) and use dens during daylight hours 
(Oakwood 2002) to shelter from the heat of the day, extreme weather, and predators 
(Cramer et al. 2016; Hill and Ward 2010). Den location can change daily, depending on 
foraging locations on the previous night (Oakwood 1997). Females carry their pouch 
young for two to three months before leaving them in a den until they become independent 
at around five months of age (Begg 1981b; Oakwood 2000). Quolls den in rock crevices, 
hollow trees or logs, termite mounds and burrows of goannas (Oakwood 2002; Rankmore 
et al. 2008). Free available water might benefit northern quolls directly (drinking water) or 
indirectly, by enabling higher prey availability (Braithwaite and Griffiths 1994; Pollock 
1999). Northern quolls used to be distributed in all habitat types across their range, 
including open woodlands, mangroves, riparian areas, rocky habitats, and even urban 
areas (Pollock 1999), but they are now mainly restricted to rocky habitats (Begg 1981b; 
Schmitt et al. 1989). Rocky habitats are thought to now provide the highest habitat quality 
for northern quolls (Cramer et al. 2016). Rocky habitats have high habitat heterogeneity, 
and therefore they might provide more niches for different prey, more dens, and they may 
hinder access by predators (Freeland et al. 1988; Hill and Ward 2010). Dens in rocky 
habitats might also allow quolls to better survive moderate fires (Cramer et al. 2016), 
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including in Kakadu National Park in the Northern Territory (Begg et al. 1981) and in the 
Kimberley region of Western Australia (Cook 2010).  
The overall goal of this research was to assess potential indicators of habitat quality 
for northern quolls at two sites in the Pilbara region of Western Australia. Quolls have been 
studied across their range in Queensland (Pollock 1999; Woinarski et al. 2008), the 
Northern Territory (Begg 1981b; Hohnen et al. 2012; O'Donnell et al. 2010; Oakwood 
2002; Woinarski et al. 2007), and the Kimberly region of Western Australia (Bradley et al. 
1987; Cook 2010; Schmitt et al. 1989). However, the Pilbara region (the westernmost part 
of the species’ range) had received little attention until recently. The Pilbara is currently 
considered one of the last strongholds for northern quolls due to the absence there of their 
major known threat, the cane toad (Rhinella marina), which has toxins that can kill quolls 
upon consumption (Cramer et al. 2016; How et al. 2009). Therefore, there is a great need 
to understand factors that determine habitat quality of northern quolls in toad-free areas to 
enhance conservation efforts, and halt the decline of the northern quoll in the Pilbara and 
across its range (Hill and Ward 2010). I predicted that rocky habitats, and especially large 
continuous areas of rock, would provide more dens, therefore better protection from the 
elements and predators. I also assessed vegetation cover and predicted that greater 
vegetation cover provides higher habitat quality than open habitats. Rocky habitats may 
have higher heterogeneity, allowing a wider selection of microhabitats that might be 
associated with higher prey availability. Thus, I predicted that rocky habitats would have 
higher prey availability than other habitats in the study region. Because northern quolls are 
opportunistic, I analysed their diet and predicted that food items consumed would vary 
seasonally, with the highest quality diet available during the times of highest energetic 
demand for females (pouch-young season). Because proximity to water allows greater 
habitat productivity, I predicted that riparian areas would have high floristic diversity, which 
could be associated with higher prey diversity.  
I address the following questions: Does the topographic complexity of rocky 
outcrops create high quality habitat for medium sized predators due to 1) protection from 
predators and weather, or 2) higher prey diversity and abundance? 3) Are seasonal 
differences in prey availability reflected in northern quolls’ diets? I also discuss whether 
there are likely to be source-sink dynamics for this species in the Pilbara region, and the 
implications of my results for the conservation ecology of northern quolls. 
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5.3 METHODS 
5.3.1 Study area 
I surveyed two sites in the Pilbara region of Western Australia: Millstream-
Chichester National Park (Millstream) and Indee Station (Indee). The Pilbara is a semi-arid 
region (Gibson and McKenzie 2009). It has small human settlements (REMPLAN 2014), 
mining and cattle (Pinder et al. 2010). Millstream, with an approximate area of 2381km2, 
used to be pastoral land before being established as a National Park in 1982 (Department 
of Parks and Wildlife 2011), while Indee is a cattle station of approximately 1623 km2 with 
tourism and mining in some areas. The wet season occurs during summer and includes 
occasional cyclones. I monitored six broad habitat types: recently burnt, riparian, rocky, 
shrub, and spinifex areas (Chapter 2, 3), and soft grass (referred to as grass from here 
on). In some analyses I use habitat sub-types. For example rocky areas with riparian 
habitat were denoted as ‘rocky riparian’ for the sub-type or ‘rocky’ for the broad habitat 
type.  
5.3.2 Potential den availability 
In a field trip from June 3rd to 30th 2015, I surveyed potential dens in different habitat 
types within my study sites. Following Oakwood (1997), I surveyed one grid per broad 
habitat type. First, I selected a point to mark the starting point using a handheld GPS 
(GPSMAP® 62S, Garmin Ltd.). I walked 50 m using the distance to point feature on the 
GPS to mark the next point until five points per transect were assessed. Each grid had five 
transects covering the accessible area, which were also separated by 50 m. At each point 
recorded, I counted all the potential dens available within a 10 m radius that appeared 
large enough for a quoll to enter but not an adult feral cat (Felis catus), roughly between 5 
and 10 cm in diameter at their widest point. To identify what constituted a potential den, I 
used information from Kakadu National Park, where dens included holes in rocky crevices, 
tree hollows, fallen logs, termite mounds and goanna burrows (Oakwood 1997, 2002). I 
conducted statistical analysis using RStudio (RStudioTeam 2015). I conducted an ANOVA 
with a post-hoc (Tukey HSD) test to compare the number of possible dens surveyed 
among the five habitat types and comparing the interaction with site. I also attempted to 
characterise potential dens by recording microclimatic variables (air temperature and 
122 
 
relative humidity) at the entrance (inside) of the potential dens, as well as outside of them 
at a distance of < 20 cm from the entrance (Kestrel® 4500, Pocket weather meter Nielsen 
Kellerman Australia Pty Ltd). I calculated the differences in temperature and humidity 
between the outside and the entrance of the den, to allow comparisons. However, low 
sample sizes prevented proper statistical comparisons among den types; thus I only 
provide averages. I did not monitor potential dens in the broad habitat ‘soft grass’ because 
grass patches were small in size and limited in numbers. Availability of potential dens in 
grass (soft) is likely similar to that in riparian or spinifex habitats, depending on the 
dominant vegetation of each patch of grass. 
5.3.3 Vegetation composition, diversity, and cover 
During a field trip from June 17th to July 20th 2014, I conducted vegetation surveys 
in different habitat types and subtypes using one-meter quadrats. All species within the 
quadrat were identified to the lowest taxonomic level possible. To determine quadrat 
locations I arrived at a habitat type, walked 10 long steps and threw the PVC-pipe quadrat 
into the air. I used the landing position as the survey point and marked it using a handheld 
GPS. From that point I chose a random direction, walked 10 long steps and threw it again. 
I repeated this procedure until five points were surveyed. I used species to describe the 
vegetation composition of each habitat type, and subdivided species into the understorey 
or overstorey strata. The stratum from ground to waist level was considered understorey, 
while that from the waist up was considered overstorey.  
I calculated cover at the ground level as a percentage. Ground level cover was 
recorded in the following broad cover categories: herbs (forbs, herbs, and herbaceous 
vines), grass (soft and hard Triodia and other soft grasses), organic litter (dead material 
and leaf litter), shrubs, tree trunks, rocky (rocky habitats that provide cover), or bare 
ground (boulder, sand, bare ground that provide no cover). To prevent subjectivity in the 
estimation of the percentage of each cover category, I used cut-out cardboards of different 
sizes (100 cm2, 50 cm2, 25 cm2, 12.5 cm2, 6.25 cm2, 3.12 cm2). I then held the different 
cardboard pieces above the cover species or bare ground until I found the cardboard size 
that best covered the item and annotated its size. I attempted to do 20 quadrats per habitat 
sub-type, however, I later combined habitats that were the same based on vegetation 
composition into the six main habitat types. Thus, I surveyed recently burnt (n = 20), shrub 
(n = 30), spinifex (n = 35), grass (n = 10), riparian (n = 50), and rocky habitats (n = 22). 
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Riparian areas included a mix of intermittent (n = 30) and permanent (n = 20) river areas. 
Rocky habitats included boulder (n = 7) and rocky areas (n = 15).  
To calculate vegetation diversity measures in each of the six broad habitat types, I 
used the Shannon’s and Sorensen’s diversity indices (measuring alpha and beta diversity, 
respectively), using the package ‘Vegan’ developed for R by Oksanen (2016). To do this I 
lumped all of the data available for each vegetation type. I tested for differences in ground 
cover in different ways. To assess differences in vegetation composition at the ground 
level, I calculated a chi-squared test to investigate if there were differences in the amount 
of cover provided by cover types (herb, grass, organic litter, shrub, tree trunk, rocky, or 
bare ground) among the habitat types, using the package “Polytomous” (Arppe 2013). I 
also tested for differences in ground cover percentages among the six habitat types for 
each cover type (bare ground, grass, herbs, organic litter, rocky, shrub, or tree trunk). For 
this, I conducted an ANOVA and associated post-hoc (Tukey HSD) tests for each cover 
category.  
I visually assessed and described the amount of cover that could serve as 
temporary shelter that occurred within each 10 m radius point of the grids surveyed for den 
availability. Temporary shelter included debris, spinifex clumps, hollow trees, dense 
shrubs, thick grass, and rocky crevices that were not deep enough to be used as dens but 
could help quolls escape from predators or shelter from the environment (e.g. provide 
shade). I defined cover as good, little, or none, depending on the visually assessed 
number of temporary shelters at each survey point. 'No cover' was when the ground was 
exposed, 'little cover' was exposed ground with few temporary shelters, and 'good cover' 
was when there were plenty of temporary shelters. I did this for each habitat type, also 
including sub-types. For example, riparian habitats were subdivided into intermittent and 
perennial areas.  
5.3.4 Prey availability 
Between April 2014 and June 2015, I conducted five field trips: 1) 23-Apr-2014 to 
20-May-2014, 2) 17-Jun-2014 to 20-Jul-2014, 3) 17-Sep-2014 to 14-Oct-2014, 4) 1-Apr-
2015 to 27-Apr-2015, 5) 3-Jun-2015 to 30-Jun-2015. During these field trips I used camera 
traps to determine the availability of vertebrate (i.e. small mammals and reptiles) and 
invertebrate prey. I baited cameras for vertebrates with either a combination of vanilla 
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extract and almond oil (‘sweet’ cameras) or sardines (‘fish’ cameras). Fish cameras were 
set in five transects of ten cameras for five nights per site per trip. See Chapter 2 for 
details on dates and camera placement methods for those referred as ‘fish’ cameras in this 
chapter. Ten sweet cameras per site per trip were set in the six broad habitat types 
(spinifex, recently burnt, shrubs, rocky, and grass). Fish cameras contributed 2216 trap-
nights, which includes cameras that worked during the day but not at night (25 nights), and 
sweet cameras 461 nights. Both cameras types attracted small mammals (rodents and 
dasyurids) and reptiles (skinks and geckos) that were recorded on camera. To identify 
mammal species, I used the guide ‘The Mammals of Australia’ (Van Dyck and Strahan 
2008) and consulted with mammal experts when in doubt. Reptiles were only identified as 
skinks or geckos. To avoid pseudoreplication, I recorded the first record of each species 
per camera per night.  
Collett (2013) found that the traditional and widely accepted pitfall trap method for 
surveying invertebrates under-represented groups of some orders such as Blattodea 
(cockroaches), Embiidina (webspinners) and Hymenoptera (wasps, bees, and ants) , 
which were recorded by camera traps actively avoiding or even crawling out of pitfall traps. 
This bias was overcome by camera traps, which can continuously monitor arthropod 
activity (Collett 2013). Thus, for invertebrates, I used camera traps (Reconyx TM model 
PC850) with white flash and a custom made 25-cm focus. The cameras were suspended 
at a height of 25 cm facing down, over a ruler for scale to determine insects’ body lengths 
in the pictures. Because invertebrates are unlikely to trigger the motion sensor, I 
programmed the cameras to take three pictures every 15 minutes using time lapse mode. 
Insects were identified to order and Arachnida to family. These ‘insect’ cameras were left 
for two to three nights per monitoring session (four sessions per site per trip) in the six 
broad habitat types, giving a total of 318 trap-nights. I omitted multiple records where the 
insect was obviously the same. For example, a spider made a web in one of the cameras, 
and was only counted once.  
I assessed prey availability based on the number of records per habitat type. 
However, the number of records per habitat type could be, in part, attributed to differences 
in sampling effort. Thus, to account for differences in sampling effort, I divided the number 
of records by the number of nights each habitat was sampled, to obtain a measure of 
mean records per night in each habitat type. I used this measure to rank habitats for 
vertebrates, invertebrates, and both combined. I further assessed prey availability in each 
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habitat type by calculating the diversity per prey category including vertebrates and 
invertebrates. I calculated different diversity indices using the package ‘Vegan’ (Oksanen 
2016). Diversity can be assessed within a sampling unit or compared among these. The 
first is known as alpha diversity and the second as beta diversity. I for also corrected for 
sampling effort by ranking the measure of diversity divided by the number of nights 
surveyed per habitat. Following Belcher (1995), I calculated Shannon’s index and an 
evenness measure. I chose Pielou's evenness. Higher values of Simpson’s index indicate 
higher diversity; lower values indicate dominance by fewer species. I also used Sorensen’s 
index of beta diversity, which ranges from 0 to 1 and, when multiplied by 100, represents 
the percent overlap of taxa between pairs of samples. I estimated diversity values 
grouping data by site, season, and habitat type.  
5.3.5 Diet analysis 
I collected scats directly from cage traps over the course of three field trips in one 
year: 1) 23-Apr-2014 to 20-May-2014, 2) 17-Jun-2014 to 20-Jul-2014, 3) 17-Sep-2014 to 
14-Oct-2014. Collecting scats from traps allowed identification of the diets of individuals so 
that I could test for effects of site, sex, season, and age. I collected scats in paper 
envelopes and dried them at room temperature. I did not record the number of pellets 
collected per sample given that Oakwood (1997) did not detect any difference between the 
number collected per sample and Order richness identified in each sample. To soften 
scats for faster processing, I left them in water overnight. Then, following Belcher et al. 
(2007), I rinsed scats and separated remains into categories. To wash remains I used 
pantyhose as a sieve. Categories included mammals, reptiles, birds, unidentified bones, 
invertebrates, seeds and other vegetation. I also used the category ‘other’, which included 
bait and indigestible remains such as sand and plastic.  
I weighed the mass of each diet category per set of scats, and calculated the 
percent of the total mass of food items (volume) of each category per set of scats. I tested 
for differences in percent volume of food items (response variable) against the factors sex, 
site, season, and age (predictor variables), using Multiple Analysis of Variance (MANOVA) 
in RStudio. Following Oakwood (1997), I grouped remains into three categories: 
invertebrates, vertebrates (hair, scales, feathers, and bones), and vegetation (seeds and 
other vegetation remains). I further tested for differences in the percent contribution of 
different types of vertebrates by running a second MANOVA that considered hair, scales, 
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and feathers as the response variables and the same factors as predictors (sex, site, 
season, and age).  
I randomly selected 50 samples to identify invertebrates present using a 
stereoscopic microscope and recorded the frequency of occurrence of each order of 
Insecta and of other invertebrates to Class level. I only found identifiable remains in 38 of 
the 50 samples, and these occurred at low rates. Thus, no statistical analysis was 
conducted on the subcategory Invertebrates.  
5.4 RESULTS 
5.4.1 Potential den availability 
I found between zero and four potential dens per point surveyed, with an overall 
total of 54 potential dens recorded (29 of those at Millstream and the remaining 25 at 
Indee). Potential den types included two holes in termite mounds (in ‘shrubs’ and ‘rocky 
riparian’), three in ground holes (two in ‘riparian spinifex’ and one ‘riparian spinifex 
shrubs’), three in hollow logs (two in ‘rocky riparian’ and one in ‘riparian spinifex’), four in 
hollow trees (in ‘rocky riparian’, ‘riparian’, ‘riparian grass’, and ‘riparian rocky’), and 42 in 
rocky crevices (one in ‘spinifex rocky’, one in ‘rocky shrub recently burnt’, 15 in ‘rocky 
riparian’, and the rest in ‘rocky’). The difference in the number of potential dens was not 
significant by site (F1,215 = 0.037, p = 0.848) or for the interaction between site and broad 
habitat type (F3,215 = 0.829, p = 0.479), but was significant when considering broad habitat 
type (F4,215 = 21.81, p < 0.001), with rocky habitats having significantly more dens than 
other habitats (Figure 5-1).  
127 
 
 
Figure 5-1. For each habitat type, bars represent the percentages of points surveyed that had 
particular numbers of dens.  
 
 I was unable to statistically compare microclimatic variables among den types due 
to low sample sizes, but I provide averages. Potential dens in rock crevices (n = 41) were 
on average 0.23 °C cooler and 6.8% more humid than the air temperature < 20 cm from 
the den entrance, termite mounds (n = 4) were 0.37 °C cooler and 11.5% more humid, 
holes in the ground (n = 3) were 0.1 °C cooler and 24.9% more humid, hollow logs (n = 4) 
were 0.22 °C warmer and 9.8% more humid, and hollow trees (n = 4) were 0.32 °C 
warmer and 7.2% more humid than the environment. 
5.4.2 Vegetation composition, diversity, and cover 
5.4.2.1 Vegetation composition 
Below I present the species composition for each habitat type and present, in 
parentheses, values of average quadrat cover at the ground level for each broad 
vegetation type (Figure 5-2). Habitats were ranked by the sum of vegetation cover (herbs, 
grass, shrubs, and trees) as follows: spinifex grasslands (67% vegetation cover), 
shrublands (43%), riparian areas (35%), recently burnt and grass areas (25% each) and 
rocky areas (9%). 
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Figure 5-2. Mean percent of ground cover per cover type (y axis) for each habitat type (x axis). 
Thickness of columns represents the number of samples available per habitat type. 
5.4.2.1.1 Grassland habitat (tussock) 
This habitat type is composed of soft grasses as the dominant vegetation (24 ± SD 
13% cover), but its ground was also covered by small rocks (64 ± 23%). Besides soft 
grasses (not identified to species), I found Triodia sp. (hard spinifex) and the forb Ptilotus 
helipteroides. 
5.4.2.1.2 Recently burnt habitat 
Recently burnt areas were those that presented obvious fire scars, including ash 
and totally or partially burnt vegetation. Dominated by bare ground (66 ± 24%), this habitat 
type had 20 species, mostly of young grass (including spinifex) and herbs, but also a few 
scattered surviving shrubs, with average percent cover values of 10 ± 6% for spinifex and 
8 ± 8% for herbs. Overstorey was represented by Acacia ancistrocarpa, and A. 
inaequilatera, while the understorey was composed of Alyogyne pinoniana, Corchorus 
lasiocarpus, Eremophila magnifica, Grevillea wickhamii, Hibiscus panduriformis, Indigofera 
rugose, Mollungo sp., Mukia maderaspatana, Petalostylis labicheoides, Polymeria 
ambigua, Sarcostemma viminale, Senna notabilis, Solanum phlomoides and Triodia sp. 
(hard spinifex). 
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5.4.2.1.3 Riparian habitat  
At the ground level, riparian areas were dominated by organic litter (34 ± 32%), 
bare ground (mostly riverbed, 21 ± 35%) and grass (17 ± 33%). This habitat had the 
highest number of species, with Acacia and Eucalyptus the dominant features of the 
overstorey, including Acacia ampliceps, A. bivenosa, A. colei, A. coriacea, A. eriopoda, A. 
inaequilatera, A. sibirica, A. trachycarpa, A. xiphophylla, Eucalyptus leucophloia, E. victrix, 
Indigofera indigofera, Livistona alfredii, Melaleuca argentea, and Terminalia canescens. At 
mid height, the shrub Cajanus cinereus occurred, while the understorey had a variety of 
grass and herb species, including Calandrina quadrivalvis, Cleome viscosa, Corchorus 
sp., Flaveria australasica, Passiflora foetida, Ptilotus cxarinatus, P. rotundifolius, Senna 
artemiseoides, Stemodia grosa, Triodia pungens (soft spinifex) and Triodia sp. (hard 
spinifex). 
5.4.2.1.4 Rocky habitat 
As its name suggests, the rocky habitat was dominated by rocky areas (78 ± 18%). 
The next categories were grass and bare ground (9 ± 20% each). The percentage of bare 
ground was elevated by some quadrats in boulder areas that consisted of 100% bare 
ground, with no cover at higher strata. Excluding boulder quadrats, rocky areas were 
composed of fragmented rocks that provided cover and scattered Acacia sp. and Ficus 
brachypoda in the overstorey. The understorey was characterised by leaf litter, Corchorus 
crozophorifolius, Gomphrena leptoclada, Mukia maderaspatana and Triodia sp.  
5.4.2.1.5 Shrubland habitat  
The shrub habitat was dominated by shrubs in the overstorey, mostly Acacia 
atkinsiana, A. citrinoviridis, A. colei, A. eriopoda, A. hamersleyensis and A. sibirica, but 
also Corymbia deserticola, C. erioopoda, Dipteracanthus australasicus, Eremophila 
maculate, and Sclerolaena hostilis. The ground level was dominated by bare ground (33 ± 
28%), as well as spinifex (29 ± 29%) and organic litter (18 ± 33%). Uncommon species at 
the understorey level included Abutilon lepidum, Acacia eriopoda, Cajanus marmoratus, 
Capparis lasiantha, Corchorus lasiocarpus, and Sclerolaena divaricata. 
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5.4.2.1.6 Spinifex grassland habitat (hummock) 
Low and generally treeless, spinifex grassland is the most extensively spread 
habitat in the Pilbara. It is dominated by species of Triodia (62 ± 26%). These hardy 
species can measure over 1.5 m in height and width, reducing the ability of other plants to 
grow in the area. The understorey was usually covered by bare ground (29 ± 22%) and 
rocks (14 ± 22%). Its overstorey comprised scattered bushes and small trees, including 
Abutilon lepidum, Acacia colei, A. inaequilatera, A. sibirica, A. stellaticeps, A. trachycarpa, 
and A. tumida. 
5.4.2.2 Vegetation diversity and cover 
Shannon’s diversity index revealed that riparian habitats had the most diverse 
floristics (H = 2.89), followed in order by shrubland (H = 2.65), recently burnt (H = 2.55), 
spinifex (H = 1.79), rocky (H = 1.38), and grass (H = 1.05) habitats. Sorensen’s index of 
beta diversity revealed high plant species co-occurrence among habitats (81 ± 8%), with 
the lowest co-occurrence between grass and rocky (69%) and between shrubland and 
spinifex (66%) habitats. The proportion of the ground covered by vegetation differed 
significantly among habitat types (χ230,44 = 306.07, p < 0.001, Figure 5-2). For example, 
recently burnt areas had a high species diversity (H = 2.55), but those species covered 
only 17% of the ground and the remainder was bare ground. I found that rock occurred 
more in rocky habitats and soft grasslands than in the rest of the habitats. Shrubs occurred 
more in shrublands and spinifex grasslands, while trees and organic litter were more 
common in riparian habitats. Herbs were only associated with recently burnt areas, where 
they can temporarily colonize soon after fire. Rocky and riparian habitats had less bare 
ground, suggesting that these habitats provide more shelter opportunities. Spinifex 
grasslands had mostly grass and bare ground. This could be explained by the particular 
growth patterns of Triodia, which secretes substances that impede growth in the vicinity of 
an individual plant.  
I found significant differences among habitats in the amount of ground cover for 
bare ground (F5,87 = 5.51, p < 0.001), grass (F5,120 = 9.99, p < 0.001), organic litter (F5,62 = 
5.36, p < 0.001), rocks (F3,46 = 12.04, p < 0.001), and shrubs (F4,121 = 2.66, p = 0.036). 
There were no differences in the amount of cover provided by ‘herbs’ (F5,61 = 1.71, p = 
0.14) or ‘trees’ (F2,80 = 1.16, p = 0.32). Comparisons were made only among habitats that 
had some vegetation in a given category, therefore the lack of differences among habitats 
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in tree cover can be attributed to the occurrence of trees only in riparian and shrubland 
habitats.  
I visually assessed the amount of temporary cover provided by the sub-habitat 
types based on the den availability grids (Figure 5-3). I found that the habitat that provided 
the least cover was recently burnt areas, followed by spinifex grasslands. Rocky and rocky 
riparian were the habitats that provided the most temporary cover, followed by riparian and 
riparian perennial habitats.  
 
Figure 5-3. Differences in cover per habitat type (intermediate scale). Bars represent the 
percentages of points where surveys showed either good cover, little cover, or none.  
5.4.3  Prey availability 
Spinifex grasslands had the highest number of vertebrate pictures per night on 
camera traps, and the highest species richness of vertebrates (n = 211 records). Recently 
burnt areas had the second highest number of records (n = 77), then shrubs (n = 59), 
rocky (n = 35), soft grasslands (n = 5), and finally riparian habitats (n = 4). Spinifex 
grasslands also had the highest number of invertebrate pictures on camera traps (n = 
598), followed by rocky (n = 427), shrubs (n = 205), and riparian (n = 204), then by grass 
(n = 182), and finally by recently burnt (n = 168) habitats. Across all sites, kalutas 
(Dasykaluta rosamondae, n = 123) and spinifex hopping mice (Notomys alexis, n = 65) 
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were the most frequently photographed vertebrates. The orders Hymenoptera (mostly 
ants, n = 1253) and Orthoptera (grasshoppers, n = 110) were the most frequently 
photographed invertebrates. I always followed the same sampling protocol and put 
cameras in the same sites, resulting in equal sampling effort across seasons. When 
grouped by season, the pouch-young season (September) had the most records of 
vertebrates (n = 138) and the recruitment season (April) had the lowest (n = 119), while for 
invertebrates June had the highest number (n = 783) while April had the lowest (n = 491).  
 Although I surveyed habitats unevenly because of their availability, accumulation 
curves for species (vertebrates, Figure 5-4) and orders (invertebrates, Figure 5-5) show 
that the sampling effort was insufficient to account for all species or orders present in each 
habitat, except for vertebrates in spinifex grasslands and overall. For vertebrates, spinifex 
was the most surveyed habitat (1101 nights), then recently burnt (758 nights), shrublands 
(444 nights), riparian (248 nights), rocky (96 night), and grass (30 nights). For 
invertebrates, I surveyed more spinifex (90 nights) and rocky habitats (89 nights), followed 
by shrubs (55 nights), riparian (42 nights), recently burnt (32 nights), and finally soft 
grasslands (10 nights).  
Since the numbers of prey records obtained per habitat were related to sampling 
effort, I report records per night for each habitat. For vertebrates, the number of records 
per night was highest in the rocky habitat (0.36), followed by spinifex (0.19), grass (0.16), 
shrubs (0.13), recently burnt (0.10), and riparian (0.02) habitats had the fewest records per 
night. For invertebrates, the number per night was highest in grass (18.2), then spinifex 
(6.64), recently burnt (2.25), riparian (4.86), rocky (4.79), and shrub (3.72) habitats.  
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Figure 5-4. Species accumulation curve for vertebrates per habitat type. Length of line signifies the 
number of cameras (sites) monitored.  
 
Figure 5-5. Order accumulation curve for invertebrates per habitat type. Length of line signifies the 
number of cameras (sites) monitored.  
 
I assessed diversity and evenness of each prey group (vertebrates or 
invertebrates), when grouped by site, habitat, and season (Table 5-1). When separated by 
site, vertebrates showed higher diversity and evenness values at Millstream, but 
invertebrates had higher values at Indee. In terms of habitats, shrubs had the highest 
diversity and evenness values for both vertebrates and invertebrates. As was the case for 
vegetation composition, soft grasslands had the lowest vertebrate and invertebrate 
diversity values, which can be attributed to the low sampling effort in this habitat type. 
When the diversity values consider sampling effort, there was higher diversity of 
vertebrates in grass, followed by rocky, shrub, riparian, recently burnt, and lastly by 
134 
 
spinifex habitats. Highest alpha diversity of invertebrates was in grass, followed by recently 
burnt, shrub, riparian, rocky, and lastly by spinifex habitats. When separated by season, 
April had the highest diversity in both cases, followed by September for vertebrates and 
June for invertebrates.  
Table 5-1. Indices of alpha diversity (Shannon’s index) and Pielou’s evenness values for 
vertebrates and invertebrates separated by sites, habitats and seasons, obtained over five field 
trips between April 2014 and June 2015 
  Vertebrates Invertebrates 
 
Shannon Pielou's Shannon Pielou's 
Indee 1.74 0.75 1.41 0.55 
Millstream 1.78 0.86 1.07 0.38 
     Grass 0.95 0.86 0.50 0.31 
Recently 
burnt 1.60 0.73 1.10 0.48 
Riparian 1.04 0.95 0.88 0.40 
Rocky 1.11 0.80 1.29 0.52 
Shrub 1.88 0.86 1.46 0.61 
Spinifex 1.76 0.73 1.20 0.44 
     Apr 1.93 0.81 1.24 0.45 
Jun 1.79 0.78 1.23 0.47 
Sep 1.88 0.78 1.01 0.49 
 
As expected, my results suggest that habitats differed in prey types and there were 
large seasonal fluctuations in the availability of prey. In terms of beta diversity, on average, 
pairs of habitats shared 47 ± 21% (mean ± SD) of the vertebrate species and 36 ± 20% of 
the Orders of invertebrates (Table 5-2). Rocky habitats had the highest values of co-
occurrence of vertebrates with both riparian and to soft grasslands (71% in both cases), 
while riparian and grass shared the highest number of Orders of invertebrates (65%). 
Spinifex had the lowest co-occurrence of vertebrates with shrubs and recently burnt areas 
(10% in both cases). Shrubs and riparian areas had the lowest co-occurrence of 
invertebrates (10%). Comparing seasons, vertebrates had low beta diversity values, 
suggesting fluctuations in the species available during the different seasons. Co-
occurrence was lowest between April and June (Table 5-3). For invertebrates, co-
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occurrence among seasons was intermediate, being lowest between April and June and 
highest between June and September (Table 5-3).  
Table 5-2. Sorensen's indices of beta diversity (co-occurrence) for vertebrates and invertebrates 
for each pair of habitat types. 
    Grass 
Recently 
burnt 
Riparian Rocky Shrub 
Vertebrates 
Recently 
burnt 
0.50 
    
Riparian 0.67 0.67 
   
Rocky 0.71 0.54 0.71 
  
Shrub 0.50 0.11 0.50 0.38 
 
 
Spinifex 0.57 0.10 0.57 0.47 0.10 
       
Invertebrates 
Recently 
burnt 
0.60 
    
Riparian 0.57 0.16 
   
Rocky 0.65 0.18 0.14 
  
Shrub 0.63 0.24 0.10 0.22 
 
Spinifex 0.60 0.36 0.33 0.33 0.23 
 
Table 5-3. Sorensen's indices of beta diversity (co-occurrence) for vertebrates and invertebrates 
compared among seasons. 
    Apr Jun 
Vertebrates 
Jun 0.15 
 
Sep 0.22 0.23 
    
Invertebrates 
Jun 0.27 
 
Sep 0.42 0.45 
 
5.4.4 Diet 
I collected 133 samples, and found that the category present in the most scats was 
invertebrates (95.5% of scats), followed by vegetation (88%), and vertebrates (79%). 
These dietary categories differed by site and season in terms of the percent volume that 
each category contributed to the sample. Vegetation was found most frequently in scats in 
the pre-mating season (June) and least often when females carried pouch young 
(September) (F2,124 = 4.173, p = 0.018). A higher percentage volume of the quoll diet was 
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composed of invertebrates at Millstream than at Indee, and during the recruitment season 
(April) compared to the pre-mating and the pouch young seasons (Site: F1,124 = 3.98, p = 
0.048; season: F2,124 = 3.614, p = 0.03). A higher percentage of vertebrates was found in 
scats during the pouch-young season (September) compared to the pre-mating and 
recruitment seasons (F1,124 = 4.01, p = 0.021). 
I also analysed the contributions of mammals, reptiles, and birds in scats based on 
the percent volume of hair, scales, and feathers contained. I found the highest percent 
volume of mammals during the pouch-young season and lowest during the pre-mating 
season (F2,124 = 18.03, p < 0.001). Quolls consumed more reptiles at Millstream and males 
consumed more reptiles than females (site: F1,124 = 8.48, p = 0.004; sex: F1,124 = 5.786, p = 
0.018). Finally, quolls consumed more birds at Indee (F1,124 = 6.019, p = 0.016). 
Based on a visual analysis of 50 samples, 38 had identifiable invertebrate remains. 
These were mainly from the order Hymenoptera (ants, wasps, and bees, n = 117), 
followed by Coleoptera (beetles, n = 31), Diptera (flies, n = 29), Orthoptera (grasshoppers, 
n = 19), Odonata (dragonflies, n = 4), Isoptera (termites, n = 2), and Neuroptera 
(lacewings and antlions, n = 1). There were also two records of Arachnida (spiders) and a 
record of Achatinoidea (snail). 
5.5 DISCUSSION 
I assessed components of habitat quality for northern quolls at two sites in the 
Pilbara. I found differences among habitat types in terms of the number of potential dens 
available, the amount of vegetation cover, and prey availability. I found support for my 
predictions that rocky habitats provide a higher number of potential dens, along with high 
vertebrate prey and abundant cover that could provide temporary shelter availability. 
However, I found higher invertebrate availability in other habitats such as spinifex and soft 
grasslands, where vertebrate availability was also high. Seasonal differences in prey 
availability were reflected in the northern quoll diet. However, I can only comment 
cautiously about differences in prey diversity among habitats due to differences in 
sampling effort, as my species / order accumulation curves did not reach asymptotes, 
except for spinifex grasslands and the overall data for vertebrates (Figures 5-4 and 5-5).  
137 
 
5.5.1  Does the topographic complexity of rocky outcrops create high quality 
habitat for medium sized predators due to protection from predators and 
weather? 
My analyses indicate that rocky habitats do protect quolls from predators, and this is 
particularly true for introduced predators. I found more potential dens and cover suitable 
for temporary shelter in rocky outcrops, while riparian areas, shrublands, and spinifex 
grasslands provided good vegetation cover, but fewer potential dens. The number of 
potential dens might be a factor limiting the density of northern quolls in some habitats, as 
is the case for brush-tailed possums (Trichosurus vulpecula) in the forests of south-
western Australia (Cruz et al. 2012) and northern flying squirrels (Glaucomys sabrinus) in 
Alaska (Bakker and Hastings 2002). The low density of potential dens in habitats other 
than rock outcrops could indicate that they may have only been able to support low 
densities of quolls before the arrival of introduced predators. However, in Kakadu, 
Oakwood (1997) found northern quolls sheltering under grass tussocks, suggesting that if 
risk from introduced predators were lower, quolls could use temporary shelter in grassland 
and shrubland in the Pilbara. In my study area, northern quolls occurred almost exclusively 
in rocky areas, while feral cats had their highest densities in open habitats (Chapter 2). In 
Kakadu, Oakwood (1997) noticed that the position of dens provided cover from raptors but 
not from ground-dwelling native predators, such as olive pythons (Liasis olivaceus) and 
goannas (Varanus spp.), which suggested that ground-dwelling native predators are not 
perceived as major threats by northern quolls.  
The suitability of potential dens might also be affected by microhabitat 
characteristics, which could alter the attractiveness of habitats or specific dens (Crook and 
Chamberlain 2010). Although I was unable to analyse these data statistically, I found that 
the entrances of rocky crevices and hollow trees were about 7% more humid than the 
surrounding environment and the entrances of rocky crevices were 0.23°C cooler than the 
environment, while those of hollow logs and trees were warmer than the outside 
environment. The difference in microclimatic variables between the entrance of the den 
and the surrounding environment is small. However, the differences in microclimate 
between the environment and the deep end of rocky crevices are more pronounced 
(Knuckey 2016). In savannah at Kakadu, Oakwood (1997) found that trees (mostly 
Eucalyptus), logs and termite mounds provided dens that were used in proportion to 
availability, but that males used more trees and females more rock crevices. In rocky 
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habitat intermixed with woodland and rocky riparian areas in the Kimberley, 98.6% of dens 
were in rock crevices, and only two were in recently burnt habitat (Cook 2010). Knuckey 
(2016) explored the use of artificial rocky habitat to offset mining at Mt Dove near my Indee 
site and found that quolls preferred the natural rocky habitat where there was less 
microclimatic variation, higher prey abundance, and lower exposure to introduced 
predators.  
Competition among species also affects habitat quality (Johnson 2007). 
Competition can lead to ‘competitive intraguild interactions’, such as interference 
competition, predation, or intraguild predation, which can result in the death of the 
subordinate species (St-Pierre et al. 2006). However, I found no evidence of northern 
quolls competing with other smaller dasyurids in rocky habitats (Chapter 3). Indeed, a 
recent study reported small dasyurids in the diet of northern quolls across the Pilbara 
(Dunlop et al. in press). They found Pilbara ningaui (Ningaui timealeyi), kaluta, 
Pseudantechinus sp., lesser hairy-footed dunnart (Sminthopsis youngsoni), and striped-
faced dunnart (S. macroura) in quoll scats. This suggests that small dasyurids are more 
likely perceived as prey than as competitors by quolls.  
5.5.2 Does the topographic complexity of rocky outcrops create high quality 
habitat for medium sized predators because it promotes high prey diversity 
and abundance? 
My analyses indicate that rocky habitats do have relatively high vertebrate prey 
abundance and diversity, but their arthropod abundance is not as high as in grassy 
habitats. Rocks provided high habitat complexity. Rocky habitat had high temporary and 
permanent cover, but low floristic diversity and vegetation cover. Freeland et al. (1988) 
compared diversity in rocky habitats across Australia and found lower vegetation diversity 
in a semi-arid area of New South Wales, explained by the inherent lower water availability 
and runoff in the semi-arid area, compared to the dry-tropical Arnhem Land region of the 
Northern Territory. Burke (2003) found that rock outcrops in a grassland matrix provided 
high quality habitats that promote plant specialisation and diversity in Namibia. Ultimately, 
plant diversity in rocky habitats seems to depend on climatic region and the availability of 
water (Freeland et al. 1988). Rocky habitats may provide refuge for species during periods 
of low water availability, at least for species that may also occur in savanna (Braithwaite 
and Muller 1997).  
139 
 
One reason why spinifex grasslands had high arthropod and vertebrate prey 
abundance may be because larger areas support more species at higher densities (Báldi 
2008). However, habitat complexity may be a more important predictor of species richness 
than area (Báldi 2008) because habitat heterogeneity leads to greater species diversity 
due to increased niche spaces (Tews et al. 2004). Compared to spinifex grasslands, I 
found that riparian, shrublands, and rocky habitats had higher ranks in the diversity 
measure that accounts for sampling effort. Riparian areas and shrublands ranked high in 
vegetation diversity, while rocky habitats ranked high in temporary and permanent cover 
(dens). This is consistent with observations that arid environments have patches of more 
productive areas embedded in a matrix of lower productivity (Frank et al. 2014b). In my 
study area, shrublands, riparian, and rocky patches were embedded within spinifex 
grasslands. 
5.5.3 Are seasonal differences in prey availability reflected in northern quolls’ diet?  
Northern quolls are omnivorous and opportunistic in their diet, and most scats 
contain arthropods (Dunlop et al. in press; Hill and Ward 2010; Oakwood 1997). I found 
invertebrates in > 90% of the scats. This mainly arthropod diet has also been found in 
Kakadu National Park in the Northern Territory (Oakwood 1997) and in the Pilbara 
bioregion generally (Dunlop et al. in press). Quolls in my study ate more vertebrates (79% 
of scats) than those in Kakadu (49%) (Oakwood 1997) and across the Pilbara (43%) 
(Dunlop et al. in press). The highest difference with previous studies was the proportion of 
vegetation (88%) compared to 41% in Kakadu (Oakwood 1997) and 29% across the 
Pilbara (Dunlop et al. in press). This may be because I considered the volume of all plant 
material found in scats, while the others considered only seeds or vascular plants. If I 
consider only seeds, they were present in 38% of the scats, comparable to the findings 
from Kakadu and across the Pilbara.  
I found differences in the diet between sexes, sites, and seasons. Males consumed 
more reptiles than females, and quolls at Millstream ate more reptiles than at Indee. In 
Kakadu, males ate more vertebrates than females, and reptiles were the most commonly 
eaten vertebrates (Oakwood 1997). In a diet analysis across the Pilbara, Dunlop et al. (in 
press) collected scats from ledges, caves, and rock tops once a year between June and 
September. They found differences in diets and foraging strategies across the landscape. 
In their study, quolls ate more reptiles at Indee than at Millstream, and more insects and 
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vegetation at Millstream (Dunlop et al. in press). This difference between their study and 
ours in the importance of reptiles between sites might be due to seasonal differences in 
sampling between the two studies.  
Prey availability for quolls fluctuated across seasons consistent with a response to 
seasonal rain, which boosts food supplies from the bottom of the trophic chain up. 
Resources that vary with rain tend to show a longer time lag at higher trophic levels (Yang 
et al. 2010). The Pilbara has a rainy season between December and March (McKenzie et 
al. 2009). Accordingly, my prey availability data showed the highest diversity of vertebrates 
and invertebrates during the recruitment season (April), but following the same pattern of 
variations in the numbers of records, the occurrence in scats was lowest in April for 
vertebrates and lower in April and June than September for invertebrates. In central 
Australia, June is the month of lowest insect productivity (Palmer 2010). Although these 
changes are more evident in arid areas in part due to the highly variable rain events 
(Dickman et al. 2010), similar opportunistic responses to rainfall also occur in other 
environments. For example, in a woodland habitat of Brazil, Bergallo and Magnusson 
(1999) found that fluctuations in population sizes of rodents responded to extrinsic factors 
such as food availability, climatic conditions, altitude, and latitude, and that arthropods 
responded quickly to slight changes in weather. In tropical Australia, Oakwood (1997) 
found more invertebrates during the late-dry and wet seasons (September to February), 
more fruits in the early-dry season (March to April at her site), and more vertebrates in the 
mid-dry season (May to August). 
I found that diet composition in my area showed seasonal variations that were 
comparable to seasonal fluctuations in prey availability (as in Kakadu, Oakwood 1997). 
Quolls ate more vertebrates, especially mammals, during the pouch-young season 
(September), when vertebrates were abundant and diverse. The mating season is the time 
of highest energetic demands for males (Fisher et al. 2013), but unlike females, the period 
of highest energy requirements does not coincide with the availability of the highest quality 
prey in males. In my study area, quolls ate more invertebrates and vegetation during the 
pre-mating season (June), when invertebrates were particularly abundant and diverse. 
This suggests that the quantity of invertebrates available might not cover all energetic 
needs of quolls during this season. Similarly, Dunlop et al. (in press) suggested that quolls 
supplement their diet with fruits in rocky habitats although vertebrates are preferred and 
represent higher quality food.  
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5.5.4 Potential sources, sinks, and habitat quality implications for conservation of 
northern quolls 
Recently burnt areas might function as attractive sinks for small mammals, where 
introduced predators can reduce prey populations. Attractive sinks are areas perceived as 
high quality habitat, but associated with high mortality risk (Andreasen et al. 2012). Unlike 
spinifex grasslands, which can provide good vegetation cover, recently burnt areas had 
few potential dens and low levels of cover suitable as temporary shelter for quolls. 
However, recently burnt areas provide tender vegetation that might be particularly 
palatable for herbivores (Meek et al. 2008) and the seed banks might become easily 
available for granivores (Krall 2012). Small mammal prey of quolls are therefore likely to 
occur in burnt areas. In the Kimberley, feral cats prefer hunting in open habitats, especially 
in recently burnt areas where they have higher hunting success (McGregor et al. 2015; 
McGregor et al. 2014). Similarly, feral cats were associated with recently burnt areas and 
spinifex grasslands in my study area (Chapter 2). Therefore, recently burnt areas may be 
associated with higher mortality risk from introduced predators.  
Species distribution models offer a way to rank habitat quality based on probability 
of occurrence of a species (Johnson 2007). Based on northern quoll locations recorded 
across the Pilbara bioregion, Molloy et al. (2015) developed a species distribution model 
and found a higher probability of occurrence in areas with high complexity such as rugged 
rocky habitats, but also in riparian areas such as the Fortescue River, which have rocky 
features. Their findings of what constitutes best habitat quality for northern quolls based on 
a species distribution model agree with my results of high ranking habitat quality for quolls. 
Rocky habitats in my study site are positively associated with water proximity (Appendix 
A). In addition, my rocky habitats include the sub-habitat type ‘rocky riparian’. One of such 
‘rocky riparian’ habitat is represented by the Turner River at Indee Station. The model 
created by Molloy et al. (2015) gave the Turner River the highest probability of occurrence 
of quolls within my study sites. Although dominated by rocky habitat, ‘rocky riparian’ areas 
might share important features with riparian habitats. Riparian habitats had high floristic 
diversity (first position), ranked second in temporary shelter, but had intermediate ranks of 
prey diversity and intermediate to low prey abundance, which might be attributed to the 
intermediate levels of ground vegetation cover. The high incidence of vertebrates in 
northern quoll diets, especially during the pouch-young season (September), suggests that 
individual northern quolls might risk venturing into open grasslands to supplement their 
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diet with high quality items. A similar situation occurs for Ord's kangaroo rat (Dipodomys 
ordii) in Texas, where the presence of blowouts in the vicinity of their habitat enhances the 
overall quality of the oak (Quercus spp.) forest matrix during summer (Cramer and Willig 
2002). These blowouts are small patches of open sand with little vegetation that can 
accumulate seeds but may be associated with higher predation risk (Cramer and Willig 
2002). Riparian habitats with high cover might contain dense areas that impede movement 
of animals, as has been documented for carnivores displaced by thick vegetation in the 
Czech Republic (Červinka et al. 2013). In Kakadu, Braithwaite and Griffiths (1994) also 
found some evidence of higher reproductive success of northern quolls close to creeks. 
Thus, ‘rocky riparian’ habitats might provide a combination of features including temporary 
and permanent cover and high floristic diversity, leading to a diversity of prey for quolls in a 
protective environment.  
Based on the current known distribution of northern quolls and my findings, rocky 
habitats provide the highest habitat quality in the Pilbara for this species. I found that high 
habitat heterogeneity of rocky habitats was not directly associated with higher prey 
availability. However, the high availability of potential dens might influence northern quolls’ 
density within rocky habitats. In terms of cover from predators, my results suggest that 
rocky habitats provide the best habitat quality, although not in terms of invertebrate prey 
resources. 
My findings suggest that quolls may venture into areas adjacent to rocky habitats to 
hunt, particularly spinifex grasslands. For example, of the dasyurids and rodents reported 
in the diet of northern quolls across the Pilbara by Dunlop et al. (in press), I found five 
species in my sites - kaluta, striped-faced dunnart, delicate mouse (Pseudomys 
delicatulus), sandy inland mouse (Pseudomys hermannsburgensis), and the rock-rat 
(Zyzomys argurus). Of those, my results show that only rock-rats occurred mostly in rocky 
habitats. In addition, northern quolls were recorded in spinifex grasslands during the pre-
mating season when males had increased energetic needs and activity (Chapter 2).  
Prey availability fails to explain why northern quolls are increasingly restricted to 
rocky areas at the landscape scale (Hill and Ward 2010,) or why quolls spend more time in 
rocky habitats at the home range scale (Oakwood 1997). This is consistent with my finding 
that northern quolls’ distribution is inversely associated with spatial distribution of feral cats 
at the home range scale, as cats occur in higher density on the spinifex plains (Chapter 2). 
My results support the hypothesis that rocky habitats represent a refuge from introduced 
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predators for threatened northern Australian mammals and in arid environments, although 
they are not necessarily the highest quality habitat on other dimensions (Letnic and 
Dickman 2010; Start et al. 2007; Woinarski et al. 2011).  
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6 General discussion 
I assessed aspects of the ecology of the northern quoll in the Pilbara, focusing on 
gaps in knowledge that have conservation implications. In the National Recovery Plan for 
the species, Hill and Ward (2010) suggested that rocky habitats could offer higher 
resource availability related to higher habitat heterogeneity or a refuge against introduced 
predators. I considered possible top-down and bottom-up regulation of quoll populations 
and region-specific demographic characteristics, to disentangle reasons why northern 
quolls are doing better in rocky habitats than in other habitat types. I found evidence that 
top-down regulation from feral cats is more important than bottom-up regulation in 
determining the distribution of the quoll, and that this risk is likely to have increased 
because the virtual absence of dingoes has likely led to mesopredator release of feral 
cats. However, I also found evidence that bottom-up regulation might control the density of 
the northern quoll, and severe droughts may alter their distribution within rocky habitats.  
Survival of northern quolls is tightly linked with their life cycle and demographic 
characteristics (Chapter 4). Due to sexual differences in life history strategies, the 
population dynamics of males and females differs greatly. The population of males 
fluctuates dramatically because most males die after the annual rut (mating period). In my 
study area, males showed increased activity levels and there was an influx of dispersing 
males during the pre-mating season, followed by a marked loss of body condition and then 
low survival after the mating season (Chapter 4). Low post-mating survival of males 
associated with their life history has been reported throughout northern Australia (Begg 
1981b; Braithwaite and Griffiths 1994; Schmitt et al. 1989). In some areas, the decline 
following the mating season can result in complete male die-off (Oakwood et al. 2001). In 
my area, males were still found while females were carrying pouch young, but low post-
mating survival was evident based on the low trapping rates of males during the following 
recruitment season (Chapter 4). Despite this, I found equal sex ratios during the 
recruitment and pre-mating seasons, suggesting that more males are born and recruited 
into the population allowing an almost complete turnover of individuals. Conversely, female 
fitness depends on the survival of their offspring, and therefore they expend most energy 
when they are rearing young (Fisher et al. 2013). Therefore, reproductive cycles are 
usually timed to ensure the success for females, having the highest quality of prey when 
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their energetic demands are greatest (Fisher and Blomberg 2011; Fisher et al. 2013). I 
found that females carried pouch young when the availability of prey was highest for 
vertebrates, compared to invertebrates (Chapter 5). The agreement of my results with 
those of studies of demography in other parts of their range (Begg 1981b; Oakwood 2000; 
Schmitt et al. 1989), confirms that intrinsic characteristics of life cycles are important 
drivers of population fluctuations. However, I found differences in population size between 
years that were more important than differences between sites or among seasons.  
Survival rates and population sizes declined between years, regardless of seasonal 
variation, suggesting potential bottom-up regulation associated with rainfall. For example, 
September 2013 had higher population sizes than September 2014 and June 2014 had 
higher population sizes than June 2015 (Chapter 4). Bottom-up regulation of northern quoll 
population sizes, as related to temporal fluctuations in the availability of prey is supported 
by the comparison of invertebrate abundance by trip (Chapter 10). In Victoria, Parrott et al. 
(2007) found that the body condition of another dasyurid the agile antechinus (Antechinus 
agilis) decreased in drought. Similarly, my male northern quolls had a non-significant trend 
of lower body masses in April 2015 than in April 2014, suggesting a decrease in body 
condition as a consequence of the drought. Thus, the additive effects of decreased body 
condition associated with life histories and droughts may have dramatic effects in summer, 
lowering northern quolls’ survival after the mating season. A decrease in body condition 
could result from a decrease in prey availability. For example, a decrease in arthropod 
abundance compared to other years was attributed to drought in the lowland savanna of 
New South Wales (Bell 1985). The decrease in arthropod abundance is evident for the 
months surveyed in 2015 (Figure A10-1). However, the true effect of the drought might be 
masked by the response times of prey to resource pulses, or due to the limited time frame 
of my study (September 2013 to June 2015). Although January 2015 had the lowest 
rainfall recorded at Millstream and Indee since 2006 (< 11 mm), there was an increase in 
rainfall in March and April (40 - 67 mm, more than the same months in 2014 (BOM 2016), 
allowing prey to increase in time for my field trips. When a resource pulse occurs, food 
abundance increases from the bottom of the trophic chain upwards, with time lags (Yang 
et al. 2008; Yang et al. 2010). This is because once primary productivity increases it can 
support higher numbers of primary consumers, and once the numbers of primary 
consumers increases they can support a higher number of predators. Thus, primary 
consumers are the first to respond (Yang et al. 2010), especially arthropods, which can 
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increase even with small environmental changes (Bergallo and Magnusson 1999; Frith 
and Frith 1985).  
Although the difference in quoll population sizes between years was greater than 
differences between sites, the latter can help us to understand other bottom-up factors that 
may be important for the quolls’ distribution. Dickman et al. (2010) noted that cycles of 
pulses and droughts can generate fluctuations in population dynamics. In fact, species 
may shift their space use during severe droughts and retract to refuges until the next 
pulse, which might result in local extinctions of some species (Dickman et al. 2011). Based 
on population densities, I found evidence that Indee may act as a refuge, with densities 
comparable to those on offshore islands of the Northern Territory that are free or nearly 
free of predators and have intact understorey shelter as a result of infrequent burning, 
such as (Groote Eylandt, Robbie Wilson personal communication) (Chapter 4). 
Conversely, densities at Millstream were low but comparable to those in rocky areas of the 
Kimberley (Chapter 4). While the trapping area at Indee was a rock outcrop, that at 
Millstream was part of a mountain range with continuous rocky habitat. This characteristic 
of Millstream could allow spatial retraction of quolls to unknown refuges where the 
population could survive until the arrival of rainfall. Population density suggests that Indee 
is particularly high quality habitat, but other factors must be considered before we make 
assumptions about differences in habitat quality between rocky sites. This is because 
inference based on demographic characteristics alone can be confounded by source-sink 
dynamics (Andreasen et al. 2012).  
I assessed the possibility of bottom-up regulation based on the availability of prey, 
cover and dens (Chapter 5). I found differences among habitat types in terms of the 
diversity and numbers of records of prey. Although rocky habitats had the highest 
abundance of vertebrates  (corrected for sampling effort), this habitat type ranked fifth in 
abundance of invertebrates (Chapter 5). Regardless of the their high levels of prey 
availability, my results suggest that some rocky areas fail to completely supply the 
energetic needs of northern quolls throughout the year, and that quolls may need to seek 
food supplements in surrounding habitats such as spinifex grasslands (Chapter 5). The 
survival of some males beyond their first year (oldest recorded at 25 months old) and of a 
female beyond her second year (31 months old) in a high density population at Indee 
suggest that this refuge is either especially productive, which is not the case, or that quolls 
supplement their diet from neighbouring areas.  
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I found the greatest temporary cover in rocky habitats, but other areas such as 
riparian and spinifex grasslands also had good cover. However, rocky habitats had 
significantly more potential dens available than the other habitats, with low availability in 
riparian, spinifex, and shrub habitats (Chapter 5). The supply of dens can limit the density 
(Bakker and Hastings 2002; Cruz et al. 2012) and survival (Crook and Chamberlain 2010; 
Hwang et al. 2007) of denning species such as the northern quoll. Thus, the availability of 
temporary and permanent cover shows that bottom-up regulation is important within rocky 
habitats.  
There was evidence of top-down regulation at two different levels in my study area. 
The mammalian carnivore guild was composed of species within a very wide range of 
body masses, from ningauis to dingoes. The quoll was the largest dasyurid species. The 
relatively large size of quolls along with low co-occurrence values with the smaller 
dasyurids suggests that smaller dasyurids pose no threat or competition to northern quolls. 
In fact, smaller dasyurids are sometimes eaten by quolls; I recorded kalutas in quoll scats 
(Chapter 5). Range contractions of the top-predator dasyurids (quolls and mulgaras) may 
have resulted in the mesopredator release of kalutas, which may be suppressing numbers 
and distribution of stripe-faced dunnarts (Chapter 3). A similar top-down relationship 
between dasyurids has also been shown in the Simpson Desert, where Dickman (2006) 
found evidence of mesopredator release of the lesser hairy-footed dunnart (Sminthopsis 
youngsoni) following the experimental removal of brush-tailed mulgara (Dasycercus blythi) 
in field-based closed-exclosures.  
On the larger side of the mass spectrum of the predator community, low numbers of 
dingoes appear to have resulted in mesopredator release of feral cats, which may have 
excluded quolls from freely accessing open plains, restricting them mainly to rocky habitats 
(Chapter 2). Recent evidence suggests no competition of resources in the diet of dingoes, 
cats, and quolls, which take large, medium, and small prey, respectively, with almost no 
overlap (Russell Palmer, personal communication). Spatial and temporal differences in 
resource partitioning among predators show avoidance of risk of predation at two different 
levels. Temporal partitioning often results from short-term avoidance, occurring in areas 
associated with low predation risk (Broekhuis et al. 2013). In contrast, in areas with high 
risk smaller predators will often shift their resource use spatially, avoiding top predators in 
the long-term (Broekhuis et al. 2013). The degree of spatial and temporal partitioning can 
also be related to prey availability (Edwards et al. 2015) and it may depend on the degree 
148 
 
of intraguild diet overlap, where the smaller predator shifts to lowest quality of resources 
(Cupples et al. 2011). In my study area, quolls responded to feral cats through spatial 
avoidance, which can be generally considered long-term. This suggests that quolls 
perceive cats as a significant risk (Chapter 2), although in some instances quolls are 
willing to venture into spinifex grasslands to forage (Chapter 5). Thus, the larger size of 
cats, their widespread distribution in open habitats, and the temporal avoidance of cats by 
quolls together suggest that cats regulate the northern quoll’s distribution.  
Overall, I found evidence that top-down regulation affects northern quoll’s 
distribution across the landscape in the Pilbara, while bottom-up regulation may alter 
northern quolls’ density there. However, severe droughts may alter both density and 
distribution of northern quolls by lowering survival (density) and forcing individuals to 
move\ to pockets of higher productivity (distribution) within rocky habitats.  
6.1 MANAGEMENT IMPLICATIONS AND FUTURE RESEARCH 
My results suggest that rocky habitats currently represent the highest habitat quality 
for northern quolls. This is in agreement with a recent GIS-based species distribution 
model, where Molloy et al. (2015) found that rocky habitats had highest probability of 
occurrence of northern quolls. Therefore, management plans should include ways to 
preserve rocky habitats and the features that provide natural connectivity between them. 
For example, ‘rocky riparian’ habitats are mostly linear features that can connect rock 
outcrops. Such connectivity is important to maintain genetic diversity and to re-establish 
quoll populations following periods of severe drought. 
In the National Recovery Plan for the species, Hill and Ward (2010) hypothesised 
that rocky habitats serve as a refuge by providing higher prey availability associated with 
higher habitat heterogeneity or by providing protection against introduced predators and 
extreme weather events such as fires. In my thesis I was able to disentangle parts of this 
hypothesis. I found that bottom-up regulation can control density of quolls within rocky 
habitats (Chapter 4, 5) and that top-down regulation (i.e. feral cats) restrict their distribution 
(Chapter 2), with the exception of severe loss of resources following drought periods 
(Chapter 4, 5). Droughts can be more important than top-down regulation only when they 
are so severe that northern quolls are forced to retreat into resource refuges within their 
predator-refuges until conditions become favourable again, with the possibility of local 
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extinction. Creek-lines in my study area are in close proximity to rocky habitats (Appendix 
A) and water is often associated with higher productivity. Therefore, overexploitation and 
disruption of naturally available water should be avoided, especially in creeks with low 
levels of water, because this has the potential to diminish resource availability that may be 
crucial during droughts.  
Although feral cats pose a predation risk to northern quolls, I found evidence that 
northern quolls can still exploit resources from adjacent habitats where cats might be 
present, such as spinifex grasslands. I found higher activity of cats associated with spinifex 
grasslands and recently burnt areas. Long-unburnt spinifex grasslands are likely to be 
associated with relatively low predation risk, because they ranked highest in vegetation 
cover with intermediate temporarily available shelters, while recently burnt areas had the 
lowest rank in shelters. This suggests that, although northern quolls cope with fire in rocky 
habitats (Cook 2010), they might be at higher risk of predation when foraging in adjacent 
recently burnt habitats. In a fire-prone area like the Pilbara, conservation actions should 
include fire management that allows patchiness of burnt and unburnt areas surrounding 
rocky habitats. That is, fire management should prevent high intensity fires that may 
deplete all vegetation cover surrounding the entirety of rocky habitats, especially in 
isolated or relatively isolated rock outcrops. Such action would also ensure availability of 
relatively intact patches with higher prey availability, removing the potential of bottom-up 
control on northern quoll density that could potentially occur with limiting diet 
supplementation.  
The Pilbara is a region of important economic value due to mining activities, and 
most of the mining impacts occur in rocky habitats (Cramer et al. 2016). This can be 
crucial for northern quolls. Considering that introduced predators restrict quoll distribution 
to rocky habitats, removal of rocky habitats due to anthropogenic impacts can push 
northern quolls in the Pilbara beyond the threshold of population resilience. Since the 
Pilbara is considered one of the remaining strongholds of northern quolls (How et al. 
2009), anthropogenic impacts in the Pilbara may be relevant at the species conservation 
level. It seems imperative to restrict exploitation of resources in key areas so that 
disruption of northern quolls and their habitat is not widespread across the landscape until 
we know the thresholds of northern quolls to anthropogenic impacts. This is especially true 
since current efforts of the creation of artificial habitats have not been successful, 
suggesting that we do not know enough about quality variation within rocky habitat types 
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to re-create adequate habitat for this species. An important area of future research will be 
to understand differences in habitat quality among rocky habitats, including those that 
have been subject to mining. This research should include the analysis of microhabitat 
characteristics of dens, and how quoll density might be associated with particular 
characteristics of dens. It would also be useful to determine the importance of native 
predators of quolls in this system. This would help us to understand quoll’s perceptions of 
den acceptability and quality. 
My study is one more addition to the substantial evidence that introduced predators 
are an important problem for native prey-sized species across the world (Doherty et al. 
2016b). In Australia, there have been two waves of extinction and severe range decline in 
mammals since European settlement, the first in the 19th and early 20th centuries in non-
tropical Australia and the second now in tropical Australia (Fisher et al. 2014). Although 
many factors might be in play, the direct role of foxes and feral cats in killing their preferred 
prey-sized mammal species becomes increasingly undeniable, especially in open habitats 
such as arid and recently burnt grasslands. The Pilbara has both foxes and cats, however 
foxes occur at lower densities and their distribution is more restricted. Feral cats are 
responsible for 26% of vertebrate extinctions in the world (Doherty et al. 2016a; Doherty et 
al. 2016b). Therefore, the management of introduced predators is in the interest of 
conservation plans for many species, including northern quolls.  
There are two ways to manage introduced predators, considering that total 
exclusion is near impossible at the continental scale. One is through lethal control, the 
other is through restoration of ecological processes. Lethal control in Australia is 
complicated because of intrinsic differences among introduced predators and the 
likelihood of consuming wildly used poison-baits. Dingoes are successfully controlled using 
baits, while cats are more selective, less likely to eat carrion, and therefore less likely to 
consume baits (Claridge et al. 2010). Current widespread control efforts are selective 
against dingoes and have led to mesopredator release of cats (Glen et al. 2011; Moseby 
et al. 2012). This was also evident in my study area (Chapter 2). However, it is important 
to note new delivery mechanisms and bait preparations are being tested, with promising 
results. For example, the use of Eradicat®, a bait prepared with kangaroo meat, chicken 
fat, flavour enhancers, and poison (Algar et al. 2013; Doherty and Algar 2015). Eradicat® 
currently being tested in the Pilbara (Morris et al. 2015; Morris et al. 2016). Regardless, 
existing broad methods of predator control may worsen the effect of cats.  
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Restoration of ecological processes can be through better fire management or 
through the restoration of trophic interactions. Cats prefer recently burnt areas (Chapter 2), 
but not all fires attract them equally. In the Kimberley region of Western Australia, cats 
showed special preference for areas that have been subject to high intensity fires in 
productive habitats (McGregor et al. 2014). Therefore, one way to lower the success of 
cats is to prevent high intensity fires. Before European settlement, Aboriginal people used 
to manage fires with a timing that avoided high intensity fires and promoted mammal 
presence and diversity through a matrix of fire scars of different age (Bird et al. 2008; 
Burbidge et al. 1988). After the abandonment of traditional lands, fire practices were left to 
their natural occurrence which is ‘infrequent but very extensive’ (Burbidge et al. 1988). As 
a result, current fire practices promote presence and high success of feral cats. Therefore, 
reverting fire management practices to promote less intense fires would allow the 
landscape patchiness that favours native wildlife while reducing success of cats. 
Restoration of trophic interactions can be achieved through the restoration of dingo 
populations, which might help to control invasive predators without the adverse effects of 
mesopredator release. Control practices can remove dominant dingoes, disrupting the 
social system and pack cohesion (Doherty and Ritchie 2016). Removal of individual 
dingoes invariably leads to vacant territory that can then be filled by immigrants that are 
often replaced by the new generation, increasing survival of young and resulting in higher 
population sizes than before control practices took place (Doherty and Ritchie 2016). The 
removal of adult dingoes can also disrupt social systems because young may be unable to 
learn social etiquette of the species. An extreme case of social disruption in younger 
generations occurs with orphan male elephants which have even been labelled as 
‘delinquents’ (Slotow and Van Dyk 2001). Parts of the Pilbara may be particularly suitable 
to explore the role of dingoes as top-predators in areas with stable social systems 
(Thomson, P.C., 1992b), because dingoes are not necessarily baited in non-pastoral 
regions such as mining areas.  
I was unable to test associations between dingoes and quolls in the Pilbara. 
However, quolls might benefit from the presence of a top-predator that restricts abundance 
of cats. Although dingoes can have a severe negative impact on quoll survival (e.g. in 
Kakadu (Jonathan Webb, personal communication), we do not know if this is the case in 
the more arid and very sparsely populated Pilbara, where the natural social system of 
dingoes may be better preserved away from towns and pastoral lands. The benefit of 
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dingoes suppressing cats might outweigh the direct impact of dingoes to quolls in the 
Pilbara (Cramer et al. 2016). Further research is needed to test this hypothesis before 
being implemented at the landscape scale.  
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8 Appendix A: Association between habitat structure and 
presence of water 
8.1 METHODS 
8.1.1 GIS layers 
We downloaded the digital elevation model (DEM) from USGS (www.usgs.gov), 
and processed it through Focal Statistics within Spatial Analyst to generate layers based 
on the standard deviation of elevation using a 3x3-pixel neighbourhood rule (Stdv3). The 
standard deviation is used as a measure of terrain ruggedness (Grohmann et al. 2011), 
which is related to rocky habitats. For this, higher standard deviation values imply greater 
ruggedness. The 3x3 neighbourhood rule is set to detect fine-scale variation in changes of 
elevation.  
To test the associations between rock outcrops and water, we created a series of 
background locations that were evenly distributed across the study areas, using the 
“Fishnet” tool on ArcMap. Feral cats have been reported to have home ranges of between 
two and 22 km2, while those of dingoes are between 37 and 160 km2 (Edwards et al. 
2002). In a semi-arid environment of central Australia, Edwards et al. (2000) conducted 
spotlight surveys targeting feral cats and dingoes and separated the spotlight transects by 
at least five kilometres to ensure independence between surveys. Radio-tracked dingoes 
in the Pilbara had travelled mean distances of between three and six kilometres per day 
(Thomson 1992b). So, to delimit study areas we generated a five-kilometre buffer around 
each camera location and merged those buffers to obtain an enclosing polygon per site. 
Finally, using Spatial Analyst in ArcMap, we extracted the values of RiverNeilD, DEM, and 
Stdv3 for the locations where each species was photographed and for the background 
points. 
8.1.2 Association between habitat structure and presence of water 
Using linear regressions, we tested the association of rock outcrops with presence 
of water to fully understand habitat use of the species. Rock outcrops are expected to 
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have higher elevations (higher DEM values) relative to their surroundings. Thus, it is 
important to differentiate high elevations and terrain ruggedness. For example, a plateau 
can be flat but occur at high elevation; in such a scenario, there could be high values of 
elevation (DEM) with low values of terrain ruggedness (Stdv3). Rocky habitats are 
expected to have higher terrain ruggedness (Stdv3) values regardless of elevation, where 
a zero suggests a flat area. We used the layer RiverNeilD as a measure of water 
proximity. We developed one linear regression for the background (Fishnet) locations in 
which the Stdv3 was the dependent variable and RiverNeilD the independent variable, and 
another in which DEM was the dependent variable and RiverNeilD the independent 
variable.  
8.2 RESULTS 
We confirmed that rocks are positively associated with proximity to water (Table A8-
1). Rocky habitats and proximity to rivers were positively associated, with higher values of 
terrain ruggedness closer to rivers (Figure A8-1). However, higher elevations occurred 
further from rivers (Figure A8-2).  
 
Table A8-1. Linear regression between proximity to water (RivNeilDis) and rock outcrops (DEM or 
Stdv3). DEM = digital elevation model. STDV3 = terrain ruggedness, measured as the standard 
deviation of the elevation with a 3x3 neighbourhood rule.  
    Coefficient Std. Error t value Pr(> |t|) 
DEM 
Constant 192.1 14.09 1.36E+01  < 2E-16 
RivNeilDis 0.01233 0.003728 3.31E+00 1.16E-03 
    
  
STDV3 
Constant 3.827 0.2586 14.797  < 2E-16 
RivNeilDis -0.0001417 6.84E-05 -2.071 0.0399 
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Figure A8-1. Associations between elevation (as measure of rock outcrops) and distance to rivers 
(RivNeilD). DEM = digital elevation model. 
 
Figure A8-2. Associations between terrain ruggedness (as measure of rock outcrops) and 
distance to rivers (RivNeilD). STDV3 = terrain ruggedness, measured as the standard deviation of 
the elevation with a 3x3 neighbourhood rule.
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9 Appendix B: Home ranges of northern quolls in the Pilbara 
based on GPS-telemetry 
 
This paper is in preparation with Dr. Robert Davis and his honours student Melinda 
Henderson. I will merge and expand the information below with data from Henderson 
(2015) thesis. Doing this will strengthen our results, and report on the first attempts to 
GPS-track northern quolls. 
9.1 INTRODUCTION 
As with many mammals, male and female northern quolls have different energetic 
demands that are reflected in different home range sizes (Fisher et al. 2013; Koehler and 
Pierce 2003; Schradin et al. 2010). Males have a reproductive strategy in which the 
number of females they mate with is likely correlated with fitness, while success for 
females is likely related with offspring survival, which is maximized in high resource areas 
(Chamberlain et al. 2003; Fisher et al. 2013; Oakwood 2002). Therefore, habitat structure 
and quality probably shape differences in northern quolls’ home range sizes. The objective 
of this study was to determine northern quolls’ home range sizes in two sites in the Pilbara 
region in Western Australia. We expected males to have larger home ranges than females, 
and that home ranges in the Pilbara would be larger than those in higher rainfall areas 
where home ranges have been previously determined. 
9.2 METHODS 
9.2.1 GPS-telemetry  
We made GPS units that were attached to the quolls as a backpack (Jaime 
Heiniger, personal communication 2013). These units weighed between 18 and 30 g, 
depending on the material used. Such units should weigh less than five percent of the 
body weight of the animal (Sikes and Gannon 2011). Therefore, we selected only 
individuals that met such criteria, including up to five males and five females per trip as 
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established by our permits granted by the Department of Parks and Wildlife. Due to the 
limitations of quoll size and battery life, we only attempted to monitor quolls over the 
course of ten days. After that time, we conducted the second trapping session to collect 
GPS units (CatTrack® loggers) by targeting trapping efforts to areas where northern quolls 
with attached GPS units had been caught. We modified the GPS units to reduce their 
weight and attached a harness made of fabric (of different materials) that ensured the well-
being of quolls and allowed us to have collars of different mass. However, we only 
recovered 22% of the 27 GPS units fitted. Of the six GPS collars recovered, we were 
unable to retrieve data from one of them.  
9.2.2 Spatial distribution (home ranges) 
We successfully GPS tracked five individuals (4M and 1F). Three males were 
monitored for ten days, the other male was monitored for eight days, and the females was 
monitored for two. Of these, one was a male at Millstream, one was a female at Indee, and 
the remaining three were males at Indee. To estimate home ranges we first downloaded 
available GPS data into ArcGIS (ESRI 2014). To avoid location bias during trapping 
sessions, we deleted data recorded during trapping days (from midnight of the last 
trapping day in the first session until one day before targeted trapping took place). We 
used ArcGIS and Home Range Tools (Rodgers et al. 2015) to determine home ranges 
during single trips using 95, 90, and 50% (core areas) of the locations of individual quolls 
monitored. We estimated home ranges based on two methods: adaptive kernel (Kernel) 
and Minimum Convex Polygon based on floating mean (MCP).  
9.3 RESULTS 
9.3.1 Spatial distribution (home ranges) 
Home range estimates varied greatly depending on the method used. On average, 
males had an average 95% home range of 259 ha using MCP and of 387 ha using the 
Kernel method, while the estimates for the female were 9.5 ha and 35 ha for the MCP and 
Kernel estimates, respectively (Table A9-1). The 50% core area estimates were about four 
times smaller than the 95% home range in all cases, regardless of method.  
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Table A9-1. Home range estimates of northern quolls at two sites of the Pilbara. Data divided by 
sex (Male or Female), site (Indee or Millstream), and method (Kernel and Minimum Convex 
Polygon) 
    50   90   95 
  
Average SD 
 
Average SD 
 
Average SD 
Kernel 
F 9.08 
  
27.38 
  
35.38 
 
M 82.84 49.77 
 
285.95 169.52 
 
387.37 216.82 
MCP 
F 2.48 
  
9.41 
  
9.49 
 
M 58.83 31.62 
 
199.14 135.79 
 
259.34 140.84 
          
Kernel 
Indee 64.41 61.95 
 
210.49 206.90 
 
275.05 261.41 
Millstream 82.83 
  
329.24 
  
484.64 
 
MCP 
Indee 45.62 42.68 
 
152.32 165.87 
 
178.85 173.99 
Millstream 55.30     196.68     331.42   
 
9.4 DISCUSSION 
Due to our small sample size, we were unable to properly test hypotheses and 
differences between home ranges when grouped by sex and site. However, we can 
speculate on the trends in the data available. Males had larger home ranges than the one 
female tracked, and at the one male tracked at Millstream had a larger range than the 
males at Indee. Two studies recently calculated 95% MCP home ranges of northern 
quolls, based on a combination of methods including radio-telemetry (with the location of 
daily dens) and trapping locations. In Kakadu National Park, Oakwood (2002) reported that 
females had home ranges of 34.8 ± SE 6.4 ha on average while those of males were 84 ± 
16 ha. In the Mitchell River National Park, Cook (2010) found home ranges of 11.6 ± 2.26 
ha for females and 74.8 ± 43.4 for males. Based on GPS-telemetry, our 95% MCPs 
suggested a home range of 9.5 ha for the only female monitored, 331 ha for the only male 
monitored at Millstream, and 484 ha on average for the three males tracked at Indee. 
Differences between our study and previous estimates are thus major. The home range of 
an individual is related to the area needed to meet its needs, including satisfying its 
energetic requirements and finding potential mates (Fieberg and Börger 2012; Rodgers 
and Kie 2011). The size of the home range depends on the area needed to meet those 
requirements (Mitchell and Powell 2007), and thus is related to habitat productivity. As 
such, individuals tend to have larger home ranges in harsher landscapes, as has been 
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found in jaguars (Panthera onca) in different habitats of Paraguay (Hernandez-Santin 
2007). However, the differences between our study and previous ones could also relate to 
the differences in methods used to obtain locations for home ranges calculation. GPS-
telemetry allows for more accurate acquisition of location points compared to radio-
telemetry and these can be obtained regardless of the researcher’s presence and 
availability (Graves and Waller 2006). However, landscape features and the behaviour of 
the species, as well as environmental conditions (e.g. high cloud cover), can affect GPS-
data acquisition (Graves and Waller 2006). Northern quolls shelter in dens (such as rock 
crevices, logs, and hollow trees) that can change daily (Oakwood 2002). Rocky habitats in 
our study area suggest that rock crevices are likely to provide most dens for quolls. To 
save battery, we did not attempt to acquire locations during the day. This prevented us 
from acquiring denning locations, which were the basis of the data in the other studies 
(dens were located through radio-tracking). However, rocky habitats could cause lower 
accuracy of GPS locations which could also have confounded our results. We were also 
highly restricted by the weight of the collars available, which prevented successful 
monitoring of many individuals or of individuals for long periods of time. Thus, 
improvement of the technology of GPS-telemetry will allow better estimates of home 
ranges of quolls across their range.  
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10 Appendix C: Prey availability by trip 
10.1 INTRODUCTION 
Throughout my thesis, I hypothesised that rainfall might be associated with 
resource availability, with the potential of carrying a bottom-up regulation of the ecosystem 
in the Pilbara (Chapter 4; Chapter 5; Chapter 6). The number of quolls trapped and their 
body condition decreased importantly between years, being lower in 2015 (Chapter 4), and 
there were seasonal variations in their diet and in prey availability (Chapter 5). One of the 
hypotheses to explain the decrease in body condition and number of trapped quolls 
revolves around a drought which was especially evident during summer 2015. This 
observation was based on an important decrease of recorded rainfall (BOM 2016). To 
assess the importance of annual variations in resource availability and of bottom-up 
regulation of the ecosystem with robust statistical power inherently requires long-term 
monitoring of northern quoll populations as well as of resources and rainfall. Thus, the 
observations I was able to make throughout my document are rather limited. However, at 
the scale of my study, the bottom-up hypothesis can be further explored by comparing 
changes in prey availability among trips. The goal of this study was to assess differences 
in prey availability when separated by trip. 
10.2 METHODS 
Using camera-trap data of prey availability presented in Chapter 5, I conducted a 
chi-squared test and its associated post hoc analysis to assess differences in prey 
availability between trips, separated by site. 
10.3 RESULTS 
I found differences in the number of prey items captured on camera between trips 
overall (χ28,15  = 171.471, p < 0.001), or when separated by site (Indee χ
2
8,15  = 137.812, p 
< 0.001; Millstream χ28,15  = 137.691, p < 0.001; Figure 5-4). Post hoc analysis revealed 
that the number of invertebrates at both sites was significantly higher in June 2014 and 
significantly lower from September 2014 to June 2015. Data revealed that there were 
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significantly less mammals in June 2014 and significantly more in June 2015 at both sites 
and signfificantly more mammals at Indee during April 2014. Similarly, there were 
significantly less reptiles in June 2014 at both sites and in April 2014 at Millstream, and 
significantly more in April 2015 at both sites and in June 2015 at Millstream.   
 
 
Figure A10-1. Frequency of occurrence of prey availability per trip based on the cameras 
surveyed, separated by site.  Millst = Millstream, Trips: 1) April 2014, 2) June 2014, 3) September 
2014, 4) April 2015, 5) June 2015. 
10.4 DISCUSSION 
Invertebrate data shows a decrease in availability starting in September 2014, 
which lasted until the end of this study in June 2015. This is consistent with the hypothesis 
suggested in Chapter 4, where the decrease in the number of northern quolls trapped and 
their body condition decreased starting in September 2014, which I suggested could be 
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associated with a decrease in resource availability. However, vertebrate availability by trip 
does not follow the same pattern.  
The apparent inconsistency in prey availability between invertebrates and 
vertebrates could be related to differences in perception of the environment, where 
vertebrate data does not support the drought hypothesis, or to differences in sampling 
techniques. Considering sampling techniques, invertebrates were monitored through 
unbaited cameras which can reflect true changes in abundance, while vertebrates were 
monitored through baited cameras. Therefore, vertebrate occurrence on baited cameras 
could influenced by changes in foraging effort, where greater effort is needed as a 
response to the drought, resulting in a heightened probability of detection. Such changes 
in the detection probability are the main reason that data from baited-cameras should not 
be used to assess abundance (as mentioned in Chapter 2). Regardless, an increase in 
foraging effort could also translate into higher probability of encounter of vertebrate prey by 
quolls. However, a greater number of occurrences under this scenario could also reflect in 
a greater number of visits to the baited camera by the same individual. Thus, differences in 
the foraging effect can be cumulative, especially during harsh periods. 
 
